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ABSTRACT

A comprehensive investigation of sixty-fi•v dWelectric and other materials for short

exposure time rain erosion resistance ut velocities of Mach 1.5. 2.0. 2.5 and 3.0 has

recently been accomplished in a joint program of the Elastamers and Coatings Branch.
Noumviallic .............. ,_ . t- ,.. T. a bewtnvv- and thA Radame-Antea

•o~ IU j•JIt iI uzi L U•J itI LIL&v P Va , f..... ... .... . .. . . . . . . •A

Sectlon. Naval Air Development Center. rhis work was accomplished at the Holloman AFB

Test Track Facility, New Mexico.

Multiple samples of each material were mounted in a wedge shaped holder attached to

the forward end of a multi-staged rocket sled and exposed to the same rain environment by

firing the sled through a 6,000 feet long artificial rainfield. The samples were exposed at

five different impact angle3 Luid four different velocities and the quantitative rain erosion

recistance determined as a function of velocity, time of exposure and impact angle. Al-

though the exposure times were sh.ort the materials demonstrated real differences in their

rain erosion resistance.

Materials evaluated included Isotropic od sandwich ceramics. plastic laminates, nickel

electroplated plastics, inorganic laminates, ceramic dnd elastomeric coated laminates,

glasses, thermoplastics, sandwich plastics and metals. The results of these supersonic

exposures are summarized and listed according to materials category.

Quantitative data in the form of weight loss per unit area and mean depth of penetration

rate (MDPR) are presented. Equations describing the high velocity-ahort exposure time

erosion rates of plastic laminates and fused silica ceramics have been developed. Pata for

most other materials have been plotted but not fitted to equations. Photographs of all rain-

exposed specimens and descriptions of the 65 materials evaluated are Included.

Distribution of this Abstract is unlimited.
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SECTION I I
INTRODUCTION

S%4iersonlc ai rcratt ana iTnssIIOs may oxriuauuu uzulzuv• LuL C sI=o L & •-I& ,

and structural members because of raindrop impingement. This phenomenon, known az rain

nrnRion. han become increasingly severe ab the velocity of these aerospace systems con-

tinues to increase.

The deaigner. of radomes and aircraft have, in the past, relied on subsonic whirling arm

erosion uama extrapolated to higher velocities or on the qualification test of a mock-up

radome by one firing through the rain field on a rocket sled track. These investigations

have been used to supponedly predict the behavior and performance of materials tupon

repeated exposura in a supersonic rain environment.

With the increasing numbers of supersoric aircraft, a systematic comprehensive evalua-

tion of nonmetallic, dielectric materials for structural applications was necessary to obtain

erosion rates at supersonic velocities so that designers could develop efficient components

which would withstand rain erosion under high speed, operational conditions.

"lhe program undertaken by the U. S. Navad Air Development Center (NAVAIRDEVCt3N).

Radoms Section, and the Air Force Materials Laboratory (AFML)0 Elastomers and Coatings

Branch, was directed toward obtaining these erosion design criteria as a function of velocity,

angle of impingement, rainfall intenjity, and materials physical properties. Damage rates

and volume lons per unit time were determined for 65 materials which may be used in z-uper-

sonic aircraft or missile systems.

I



SECTION II

SUMMARY

Sixty-five different dielectric and other materials were evaluated for short-expobure time
(four seconds or less depending on velocity), rain erosion resistance at velocities between
Mach 1.5 and 3.0 by firing multistaged rocket sleds through a 6000-feet long Prtifiuial rain
field_ at the 4oi._,• Air P'%!,.pA Rse T, ' Tr'Ark V'antBlity A TAin ArnAinn wndwo. deti.mgne
to accommodate eight different materials for each sled run, was supported on the forward
end of the rocket sled. By exposing each material to the same rain envi.ronment at five dif-
ferent impact angles and at four constant velocities, the quantitative rain erosion resistance
of these materials was determined as a function of velocity. impact angle and time.

Material specimens 1.250 x 1.25U x 0.250 inches were used to obtain weight loss values
per unit area. Data was reduced to t!e form of mean depth of penetration rate (MDFR) vs
sin G (the Impact angle 8) for a family of suporsonic vclocitic•.

Where porsible, general empirical rain erosion equations were fitted to the plotted data.
For certain materials the data was not suits de for deriving equations but was plotted un-
corrected through the experimental points. Se,.oral of the best perforaming materials yielded
nonmeasurable damage rates. The damage increased exponentially with veiocity and varied
directly with the normal component of velocity.

Materials ovaluated in this program included isotrep.c ceramics, sandwich ceramics,
plastic laminates, inorganic laminates, ceramic-coated haviinates. elas tomneri.-cuate,.I lam-
inates, glassee, thermal plastics, sandwich plastics, and metals.

The Mach 1.5 results indicated that flame sprayed alumina coatings, the uncoated 8265
Furane epoxy and Epon 828 epoxy laminates, and all the clastomariv--coated laminates
yieldea good protection from the rain impingameLt at th.s velocity for a short exposure
time. The olastomers (sprayed neoprene, molded boot neoprene, and boot urethane) were
completely undamaged after one firing at Mach 1.5. Other materials which e;,hibited good
erosion resistance at this velocity were a polyphenylene oxide plastic, an electroplated
nickel coating over an epoxy laminate, a plasma sprayed alumina coa*.ing (treated with
phosphoric acid) over an epoxy laminate, and a Rokide "A" flame sprayed alumina im-
pregnated with epoxy resin over an epoxy larninate.

At Mach 2.0 and 2.5 materials wnict exhibitea superior rain erosion resistance In addition
to the iaotropic alumhna and berylia were the polyphenylene oxide thermal plastic, an
electroplated nickel coating over epoxy laminate, a plasma sprayed alumina coating treated
with phosphoric acid over an epoxy laminate, and a Rokide "A" flame sprayed alumina im-
pregiated with akoxy resin over an epoxy laminate. At Mach 2.0 other isotropic ceramics
such as Pyroceram, and fused silica were damaged sufriciently to limit their capability in
this environment.

Of the materials investigated at Mach 3.0, those which best survIved the rain environment
with little damage were the highly dense alumina and beryllia isotropic ceramics. Other
isotropic ceramics, sandwich ceramics, ceram--ic and el-.tc.eric- coated ILminates, glascs,
and metalc were severely to moderately damaged at this velocity.

2
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SECTION III

THE RAIN EROSION WEDGE

1. PHYSICAL DESCRIPTIUN

a. C.-,;a z. I s. rac tiim

The supersonic rain erosion wedgu shown in Figure I was designed by NAVAiRDEVCEN
for multiple sample testing of materials at velocities of Mach 1.5 or greater. Eight different
materials can be evaluated for each run with samples of the same material mounted on both
the left and right sides at each of the following angles: 13.5', 30%, 45', 60* and 90°. By pro-
viding for two specimens of the same material at the same impact angle but displaced ver-
tically by four spaces, some normalizing effect is introduced to partially compensate for
slight va-riationa in the material, rain-fall distribution, and sample edge .ffects. A total of
80 samples are contained in the fully loaded wedge.

The basic construction consists of left and right side plates, top artl bottom plates, and a
base or back plate all of which were machined from 7075-T6 aluminum. Parts were doweled
and secured with internai wrenchiing cap screws. A separate leading edge and all sample
cover plates were made from stainless steel to retard rain erosion on the forward surfaces.
Sample cover Mlates were secured with countersunk Allen head screws havingnylon lock
inserts.

Both top and bottom surfaces were inclined 15 degrees upward from the leading edge aft
to induce a negative lift component and to relieve the afterbody for flow expansion. The base

or aft end dimensions are 13-1/2 x 12-1/2 Inches making the total frontal area 1.33 ft2 with
the added area resulting from inclination of the top and bottom surfaces. The loaded gross
weight reading for firing ranges between 70 and 75 pounds depending upon the density of the
samples.

Mounting holes were provided in both the bottom a&d back plates for quick-change attach-
ment to the Holloman rocket sleds. NAVAIRDEVCEN assembly and detail drawings are listed
in Reference 1.

b. Sample Mounting

Material samples 1.250 x 1.250 x 0.250 inches were mounted in wedge grooves behind
stainless steel cover plates as shown by Figure 2. The exposed sample area dimensions
are 1.00 x 1.00 inch at all impact angles. The stainless cover plates are 0.060 inch thick
with leading edges chamfered parallel to the wedge center lUne, and aft edges chamfered
at 45 degrees to the plate surface. All leading edges were beveled to minimize shielding by
the cover plate.; the jack edges were chamfered to reduce the effects of a high pressure
uorneA' or cavity.

Most of the materials evaluated were backed with hard rubber pads oi the same size as
the test sample. Aluminum spacers were installed between samples to accept the concen-
trated loads when the cover plates were tightened. Dimensional differences between the
spacer thickness and the sum of the -.ubber pad and sample thicknesses were such that the
rubber was slightly compressed. This method was found to be undesirable for brittle ma-
terials, causing premature breakage on some materials in the early runs.

3



AFML-TR-t6i-164
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Figure 1. Supersonic Rain Erosion Wedge



AFMbL-TR-67-164

a- I . -JJ

- = I

It I
U-(

-s U.9

IRI

CL..

3-

5



AFMI,-TR-67-164

A potting method was therefore developed for use with all brittle materials (Figure 2).
In this type of sample mounting both the hard rubber backing and half the spacer width on
each end wore replaced with fiber reinforced epoxy potting. A complete set of 80 samnplef

was potied in one model setup. Ton eight-sample-strips were then jig drilled and saw cut
into individual pieces. All potted samples were numbered and weighed after potting and
machining.

All samples had approximately 1/8 inch of unexposed edge on all four sides to prevent drop

impact on the edges. This was droe to minimize edge effects as well as to provide a method
Of securing them.

2. AERODYNi MIC( CHARAC-7ERISTICS

Three basic profiles or configurations were cons'dered in designing the wedge for multiple
sample testing: the circular leading edge, the hylxp•ycloid or inverse of the circular leading
edge, and the configuration as shown in Figure 3. It was determined that the latter profile
produced the minimura form d 'ag, the most oblique shcclk pattern and, therefore, the shortest
paths between the first shock wave and the surfaces of the test samples.

A quarter scale model was made at the NAVAII.DEVCEN and run at the David Taylor
Model Basin (DTMB) Supersonic Wind 'Funnel at Mach Nos between 1.5 and 2.86 to determine
the flow patterns and to measure the aerodynamic forces and moments. Force and moment
data are reported in Referencf; 2.

The 15° inclination anWle of t he top and bottom surfaces produced a sizeable negative lift
component at all Mach numbers which was a requirement of the sled designers. This force
and moment data was used in the Holloman rocket sled performance computer program for
the selection of launch station, booster propulsion, susi tiner propulsion, and retarding mech--

anisms to achieve the specified performance within the rain field.

Shock wave patterns at M 2.86 are shown in Figure 3, and are typical of all Mach numbers
between 1.5 and 3.0. In addition to the bow wave from the 15° haW-angle leading edge, there
are frwir major secondary compression waves. The fourth or last one is a normal detached
6hock wave creating supersonic flaw behind the base.

Two major separatcd flow regions are indicated from Schlieren photographs. One is in the
corner between the 15* and 600 samples; a second exists along the curved surface forward of
the 90° sample. Tw, minor separated flow regions are shown In the coroners forward of the
4U and 30' surfaces. Vertical bleeder slots were added just forwa. d of the 90' samples on
the curved surfaoes. These slots reduced the size of the separated flow region over the
curved sur,-Lces and slightly reduced the drag coefficient by raising the base pressrure.

Figure 3 also shows the path lengths, A a' at full scale through which water drops must

travel between penetration of the bow wave and imipingement at the center of the sample
surfaces. These path lengths vary between 2.25 and 3.50 inches wlth the exception of the 900
sample, the length of which is greater than double that of all other angles. The drop dis-

integration effec' resulting from the longer path at 900 seriously affects the rain erosion
rate at 90%.

3. DROP DISINTEGRATION EFFECTS

Any region of flow separation, a shock wave or combtatlon of shock waves has some
effect upon the water drops. In rain erosion testing the objective Is to evaluate materials
with such effects mimimized or to test as nearly as possible to free stream conditions.

6
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Conversely the vehicle designer or user of materials subject to rain erosion damage should
take full advantage of techniques for the delay of erosion and prevention by the deliberata
breakup of water drops before impingement.

Since there is no method of avoidinag the generation of shoc~k wav~e when testing iti the.

atmosphere at supersonic velocities it is impossible to ; void this effect to some degree.
In any test method the disintvegratlon effects should be explored and tuiderstood. They should
be carefully considered in the comparison of data from different test methods; in some
cases they may completely •lvaiidate the test data.

Disintegration or drop-breakup times have been invoetigatod both ýn the United States und
the United Kingdom. Exporimental meas'lremonts obtainod by Jenkir.s ai the Itoyal Aircraft
Establishment (Reference 3) are in good tgreerrent with values obtained by Engel at the

7
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U. S. Bureau of Standards (Baferetce 4,k. Thha wor' was jporformed in the high subsonic and
transonic velocity range from whi~i the empirical equation was derived for breakup time (ts)
in termr, of drop diameter (D) in feet and velocity (V) in ft/sec.

t• .20D
Vo.t

The time in the above equation vcrrespondr, to thz time to reduce a drop ol di•ear.tter L) to
droplets nI ]lrder than 0.1 nim. This uquation can be applied to low supersonic sp(dAs and
shtild be partkbcrarly vailt tK-dind normal sboor waves. Ualculatlon ot 0Or•AUp Umen at
ve.o()1Utss between 1.500 zud 3500 ft/soc for drop sizes between 1 and 3 tuni diUamter aru
plotted in Figure 4 At Mach 2,0 the time to break down a 1 n-m drop to 0.1 mm is 0.00625
socoid; time required to break down a 2 mm drop to the same droplet size Is about 0.0005
second.

laking the path lengths of Figure 3 at Maoh 2.85 for the full size wedge the axpoimuro times
were caloulattA using the time, incroments and local velojitlea between ahock waves. These
poiats (Figure 4) indicat;o that for angles of 15% 45'. and 60' the exposure 'Jinos are less
than that required to dish.tftgrate A mmn drops aRnd small compared with times required for
disintegration of 2 and 3 mm drops. For the 30' angle specimona the exposure times are
greater Ihan requirud to break up the i nan dLU-up and more seriously affect the 30' samples.
The 90' sample dtlintegratizm p.tth length time, much gioater than for all ober angles, is
P'ufficiant to break, dowa till drops of 2.5 mnA or losr.. This effoct is quito obvious upon in-
spection of the 90" samples aud is reflected in the very low weight losses at this angle. All
90' data is therefore considesed invalid and Is not included in the curves for weight loss.

-Some efforts have boon made to photograph water drops within the shuck pattern with
overhead cameras. To date this has been unsuccessful WuL. could certainly provide valuable
information for better interpretation of the data.
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SECTION IV

THE HOLLO1AAN TRACK FACILITY

1. TRACK DESCRIPTION

Tho 35.500-foot Last track operated by the Test Track Directorate of the Air Force I
Missile Development Center (AFMDC) is locatfd at HoUoman Air Force Base. New Mexico.
on the oastern edge of the White Sand& Missile Lange. Direction of the track is within a flow
degrees of true north with the main breech located at the south end. The 6000-feet rain
fiold zone is located toward the north end between stations 20. 700 and 26,700 feet. For
details, see Reference 5.

14ue 171 lb/yd crane rails are spaced V _43m on center. Alignment Is maintained within a
tolerance of ± 0.005 inch on the west rail and t 0.01.0 Inch on the east rail. Both rails are
welded to provide une continuous Joint-free track section for the entire 35,500 feet.

The track ib equippid with four stationary blo%.khouses on the wc,&t side of the traok inciluding

one at either end, one in the center, and one at track station 2970. A portable fire control
trailer is also available for use in firing solid propulsion units from any point on the track.
Both the north biockh.use and the fire control trailer were used in this series. A completely
equtpped, jhielded, dust free talumetry ground station is located 2000 feet east of the mid-
point of the track and visual observations of the firings are made from this station.

Two means of sled deceleration by water braking are available, and both were used in this
program. Watertilled polyethylene bags are laid directly on the track and the slippers on
which the sled is motunted strike these bags slowing the vehicle to a stop. This method of

braking was used to stop the sustainer stage at all Mach numbers. A momentum exchange
brake (U-tube arrangement) was added to stop the booster on the Mach 2.0 r._ns and the
second booster on the Ma',h 3.0 runs.

All firings were made between 0200 and 0700 to take full advantage of calm night air on the
desert. Wind velocities normally begin to increase shortly after sunrise and usuaUy reach
5 to 10 knots by midmorning. The advantage of night operations is apparent in achieving
30 launches over a six-month period with only two scheduled -runs aborted because of weather.

2. ROCKET SLED

All rocket sled hardware was provided by the Holloman Track Test Directorate. The
sustainer sled, originally designed for radome testing, was modified to support the rain
erosion wedge and to house a cluster of seven M-58 sustainer motors. Separate pusher sleds
were designed for the Genie and the Nike motors.

To accelerate to peak velocity and to sustain the desired Mach numbers in the rain field,
staging was used in accordance with Table I. Three basic surplus engines were used in
various combinations to achieve the required velocity performance. A photograph of the
Mpch 3.0 sled configuration is shown in Figure 5 with two Nike booster stages and two
sustainer stages housed in the forward sled.

With the exception of some engine ignition malfunctions in the early thrings, the staging
used was batisfactory and produced relatively flat velocity profiles through the rain. Wind
tunnel force coefficients for the wedge assisted in computer calculated sled performance,
selection of launch points and deceleration coast-out distances.

10
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! 4
A complete history of t h, '0 sled firings with dates, firing times, wind conditions, average

veiocitics in the rain. and sample designations is listed in Tables H through V.

:s. INSTRUMENTATION

Two measurements of sled velocity were made on the rain e. osion runs. TI space/•iine

(VMS) technique (Refnrence 5) determines sled position, velocity and accelerati rn by defining
the ume intervai oi sied i'avoi i, Lwtin vt, y &Lmuw atluy 1.0,is.u (d3-f ...... "jf --
interrupters on the track. An RF modulation is created from th. sled boene photo pici1p as
it passes these interrupter stations with conversion s1.1 transmission as RF. Accuracies in
excess of 0.1 foot per second are attainable.

Twelve "spot vc!oclty" czAwks on a sled ci, ;)e made during a run using time interv='

counters. These are i megacycle countors which may be startod d thzn atopped by means

of P briimwire as a sled pro'-z s across a 3pecific distance. This technique was the

primary one ,reed %ýr the rain erosion test series.

Photographic coverage for these runs included image motioncamneras, limited shadowgraph

photography, motion pictures and still documentary (before and after) photography. The image

motion technique provides a full length view of the test wedge at 500-foct intervals through the
rain fiold. These photographs were used to analyze the progressive erosion of materials with

increasing rain exposure. Shadowgraph coverage was attempted in order to study the shock
wave pattern around the wedge. Limited success was attained because of difficulties with
shooting vertically from above the track and obtaining a well-defined shock front.

Documentary coverage with color and black and white still photos, before and after firings,
of the test wedge. the vehicle, and propulsion systems and general scenes was also provided.
The motion pictures taken during the runs further helped to document the series.

12
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SECTION V

THE HOLLOMAN RAIN FIELD

1. DESCRiPTION OF THE SYSTEM

Th1 praent Holloman rain field simulation system consists of 6000 feet of rain between
stations 20.700 and 26.700 on the 35.500-foot track. This provides up io 8800 feet for sled
acceleration and 20.700 fe-t Lor deceleration whien firing North to South. Vertical standpipes
(rain dispensersl are spaced 9 feet on either side of ths west rail with the nozzles located
31 inuhb.a above the track zurface. Longitudinal spacing of tho zLj.ndpipes is 8 feet with the
east and west nozzles staggered to provide % separation of only 4 feet between nozzles. A
photograph of the rain field looking north 18 showa in Figure 6.

All nozzles are Spraying Systems Company Veejet 1/4 u 8070 mounted at 65 degrees from
the horizontal on the standpipes. The standpipes are supplied through a manifold system in
which each section feeds only 50 nozzles and provides individual pressure ragulation. The
mardfold in turn is fed through a 6-inch main fcom a 20,000-gallon storage tank. A D-B diesel
engine powers a centrifugal pump capable of delivering up to 4800 gallons/minute flow rate to
the sytein.

At the 2.5 inch/hour rainfall rate usel for' 'iee tests the available water supply can be used
for more than 10 minutes without refill of the tank. Under conventional operation the nozzles
were operated for about 3 minutes/run, This )a possible through a bypass system with no
to the nozzles. A full water system at start assures uniform flow after 35 seconds.

A comprehensive description of the Holloman rain field, designed and installed by the
Sandia Corporation. is reported in Reference 6.

2. RAIN SIZE AND DISTRIBUTION

The original intent of this program was to evaluate all materials at I inch/hour rainfall
rate with a mean drop size between 1.8 and 2.0 mm. This rainfall rate agrees with Figure 7
which describes typical particie size disteibution for natural rainfall rates up to 6 inches/
hour.

Drop sampling at the Holloman Test Track using the oil system technique showed that a
system pressure of 9 psi provided the required 1.9 mm mean drop size for a monorail sled
on the west rail. The Veejet 1/4u 8070 nozzles operated at 9 psi give a rainfall rate of
2.25 to 2.6 inches/hour with a cyclic gradient between the nozzle center and the edges of the
fan shaped spray pattern. A characteristic drop size distribution curve is shown In 1'lgure 8
for comparison with that of natural rain ot Vigwre 7.

Firing of test samples through 6000 feet of rain at 2.5 inches/hour rainfall rate with a
mean drop size of 1.9 mm produces a total energy absorption by any given sample. This
same total energy would be absorbed by the same sample if the water system could have been
operated at 1.9 mm mean drop size, a I inch/hour rate, but over 15,000 feet of teack. The
major difference between these two exposures would be the time of energy absorption or the
rate of pressure pulses inducing short time stresses within the material.

3. FIRING CONDITIONS

Observation of wind effects upon the water systemwas made fu: random wind velocities ond
directions. Cutoff or abort conditions were established at 2 knots cross track and 3 to 4 knots
down track. Wind readings were reported from three track stations, one at each ena and one
at the center of the rain field. Normally they were reported every 15 seconds between T minus
60 seconds and firhig.

13
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SECTION VI

MATERIALS EVALUATED

1. CLASSES OF MATEIUIA!,

~pitnriplA apl'ntAd for these evaluations were classified iul 10 maior cateffories icordI
to material-type. Isotropic ceramics were seiected because Uf their potential for high speed,
high temperature radomeb, their good erosion resistantproperties (high density and strength),
and their excellent dielectric. properties. Sandwich ceramics, while lacking in the strength of
solid ceramics, are a widely.-considered and used structural material for anvanced radome
designs.

Plastic organic larainat is such as epoxies, polylmide and polybenziutidazole are currently
in oxtLnnIG!v uac as radoina materials or are being planned for future applications. In a like
manner, inorganic laminates are being evaluated for very high temperature systems.

Coated laminates represent. still other structural materials which have found broad appli-
cation. Considerable effort is now being conducted in developing dense, ceramic, rain erosion
resistant coatings for a variety of laminate and metal substrates (Reference 8). The ceramic
coatings are intended for use in a supersonic environment and hence needed evaluation as to
their protective capability in rain. Elastomeric ooatings are widely used for subsonic rain
erosion protection, but little has been done to evaluate them supersonically in rain (other than
an occasional proof test of a mock-up radome).

Increasing applications of glasses in supersonic systems for windshields, radcme, and
infrared windows dictated an evaluation of representative systems.

Unique structural systems such as plastic honeycombs with laminate o•r metal skide and
laminates with cork, Teflon, or metal coatings also were evaluated because of possible use

in a number of cases. Along this line, thermal plastics such as polyphenylene oxide and
Teflon were evaluated as bulk materials, and polymethylmethacrylate (Plexiglas) was chosen
because of extensive rain erosion research on It in the post.

The final class of materials was metals which were chosen as representative aircraft
structural materials (for parts other than radomes) qxd au a base line on which to compare
materials. Soft metals such as aluminum a3,loys and annealed copper were chosen so that some
evidence of erosion would be present.

Keeping in mind the need for iwproved dielectric materials and the lack of supersonic
erosion data on most of these materials, the various mnterials in each class were cbosen,
obtained from various suppliers. procssed, arranged into runs. excoeed at liollo;_an super-
sonioally. and then post-processed and evaluated. See Table ill for a listing of materials.

2. SAMPLE PROCESSING

Each interial supplier was required to supply with his material, a pb•yAk-q property data
sheet which included porosity, density, hardneas, and other pertinenf physical and electrical
properties. These were also furnished'at no cost to the program. (See Figure 9.)

Prorun sample processing consisted firet of inspecting received samples for damage and
dimensional tolerances to avoid difficulty of Installation into the test wedp at the test track.
In only a very few oases were the samples oversize, requiring sending or additional machine
work.

17
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The sample materials were arranged into groups of eight where similr materiils, insofar
as possible. weru evaluated on the same run. After assigmnent tr a given r'n all samples
were numbered and recorded in the Test Sample Log 1ook. The numbering systern u,•ad in-
cluded material class leitur. class number. Mach number, run nuinber. and scriul nutnLer.
The following examnle demonstrates the •ode numberin, system:

C:3 -1.5-4 -10

The above numbor indicates this C3 sample to be an 828 Epoxy lainin.ato :see 'fable VI)
evaluated on the fourth run at Mach 1.5. The number 10 indicates 'hat the sa.nple is number
10 of 1 through 10 recorded in the log book to note the vertical dosition and impact angle.

After numbering, the samples were dried overnight at 150'F for removal of moisture.
Samplest were then weighted on a Mettler electronic balance, Model H-4. Thio instrument
measures to the nearest milligram with 0.3 mg accuracy. Having rocorded the sample weights
in the Test Sample Log Book the speciin-as were packaged Into special run Loxes fOi ship-
ment to Holloman Air Force Base. A t the time of loading into the test wedge the position
numbera for each specimer were recorded.

Upon completion of a firing thr samples were removed by personnel from oithei
the AFML or NAVAIRDEEVCEN. p, .kaged in the original run boxes and shippcd back to
tl e NAV.AIRDEVCEN for post-nf,. Fample processlug. The samples were then rodried for
16 hours at 150°F and reweighed for weight loss. The post-firing weights were entered in the

2
Tes.ý Sample Log Book. Weight loss (gmn), weight loss per unit area (gm/cm ), and MDP (cm)
were calculated based on materials density. The MDP calculation assumes the damag,* o no
uniform over the exposed area of one squarG inch.

The 10 samples of any specific materiai for 6. run were then m'r-.ed on 8 x 10-1/2 standard
cards. The weight losses, MDPs. pertinent descripvt'-,, information, and velocity profiles
through the 600C-foot rain field x'ere added to ths vards for each group of samples. The cards
were photographed in both color ani1 'Aack and white. The black and white was required for
this report; color prints w'ra forwarded to each supplier Zor his samples. The completed
cards were then cat•s•,,ged in special card files as permanent records. These card files are
available for olbservation at botik AFML and NAVAIRDEVCEN for Government agencies or
industrlz.d who are interesed ia rain erosion damage.

3. PROPERTY DATA

Applicable physical property data for all materialhi was 'submitted together with the samples.
Standard ASTM test methods were specified where applicable in order to obtain all data on a
common basis. Table VII presents the data as it was submitted by materials suppliers: it
was not screened for conformance with standard test methods. As a long range objective of
this program, an attempt is being made to correlate material properties with the damuge
experienced in the rain enviromnent.

The following properties were selected as pertinent t. erosion resistance and dielectric
performance:

Porosity Tensile Strength
Density Compressive Strength
Hardness Tear Strength
Modulus of Elasticity Modulus 1 100% Elongation
Shear Modulus Puisson's Ri.tio
Shear Strength Dielectric Coxuwant
Flexural Strength Loss Tangent

19
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It is pointed out that these materLals were not prepared to cidnzmlae one pirlVtular property
specifically, but rather as represeatative aamples of theirpartinact clans of material. There- I
fore, becaume a particular material is considered low in a certain propeL ty does wot imdicý-o
Inferiority in any way for other appllcaiUors.

20
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SECTION VII

RAIN EROSION DAMAGE DATA

All exposed samples were mounted on standard card forms after reweighing. Samples
aiwu 0 ut k tia u! Um _ u wui wert muntied m the iower row: rigft-side samples were Y
mounted in the upper row. The forward or leading edge in all cases is on the left-band
side of the cards. The top row of numbers. above the samples. indicatos the weight lossesS

per unit area (gm/cm2 ) the lower row of numbers presents the calculated MDPs Jn cm
asumning uniform orosion over the exposed arer-

Material description, test conditions, run number. date of test and teaL Mach number are
)istd in the lower left corner. 1lb velocity profiles through the 6000-foot r4in fialu for each
run are drawn in the lower right corner of the cards. Average velocities for &ll runs were
calculated for conversion of weight loss per unit area to mean depth of penetrntion rate(MDPR) using the following eription:

MDP Weiqht Loss/Unit Area Volume Loss/ Unit AreaMDPf• - ______"

sac Pt Unit Tim&

cm cm I cm3 /cm 2

sec cm2 gm sec s41c

Where p is the density of the eroded material, g/cm3

I is the exposed time in the rain, sec

Pain ea•,sion tlauage data for a material is plotted as MDPR vs sin 0 for a family of ve-locities. This form was shown to best fit the data for some classes of materials. There• are

cases however where it does not apply. Ductile materials, for example, while severely dented
or deformed within a very short esposure time, experienced no significant weight loss. Cer-
tain high atrength but brittle ceramic materials showed no weight loss for tho velocities and
exposare timer of the test. Other ceramics fractured and showed such a wide scatter of datapoints as to preclude their plotUag iato any reasonable curves.

2. THE HIGH VEIL)CITY - SHORT EXPOtSURE TIME FAIN EROSION EQUATION

Sotae attempt has been made towari deriving equations to fit the MDPR dependence upon
velocity Rnd impact angle. Obviously it would be most desirable to develop a general equationr
which would fit most types of materials and for which specific constants and exponents could
b- determinod for the inuividual materials. The data derived from evaluating 65 different
materials which logically fit into 10 different material classes is now available for such curve
fitting.

First efforts were dovcted to a homogeneous group of materials which were eroded with a
mi.nmum diffzrence in weigbt loss between left &Wx right-side samples and which. In general,
showed the best plots of MDPR vs sin 0. The plastic lamlinate (Class C) group was best suited
for doing this because erosion results showed a minimum deviation of data points from
straight hnes and the most reasonable magnitude and slope change with velocity. The equadion
to 4eat describe the rain erosion effect was derived putily on a mathematical curve fitting
basin. Figure 10 (a PBI laminata) is a typical graph of the MDPR vs sin 0 for tho Ciass C
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materials. For any specific test velocity the graph is a combination of two straight lines of
different slopes intersecting at O- eD. For sin8 -, sin OD the straight line is described by
the equatkon:

MDPR K, sin (I

For sin 19 > sin D the straight line is described by the equation:

MU PH : K2 sin & + K3 (23

In the above equations K,. K 2, and K3 are all functions of velocity f(v). When K1 , K2 , and K3

are plotted vs velocity on a semilog graph they produce straight lines as shown by Figure 11.
From these three slopes the ffi) describing KI, K2 and K arc determined. D is then do-
Fromthned tyeqK K3 D
termined by equating K sin 0D=K 2Sin 0 D+ K JTherefore the functions are simple expo-
nentials given as:

K, : Ae (3}

K2 zB 0 (4)

K3 :- C ' (5)

at OD K3  (6)D KI -K 2

In Equations (3) and (4) the exponents a and )9 are equal. By substituting Equations (3) through
(6) in Equations (1) and (2)

MDPR Ae sine for 6 <8D (7)

MOPR: Be a 1 sine + Ce for > >6 D (81

19D :C/A.S B(Y'-a )yv

A more simplified form of Ecquations (7) and (8) is:

MDPR - Ee sine +FeYu (9)

where

E A and F 0 for 9 < C - (6 -) V

E 1B and F ; C for 0 > C _ e(7-Ya)
A -B

Values for constants E, F, a and hive been evaluated for all Class C materials. These con-

stants are listed in Table VIII. the many classes of materials tested, Equation (9) has been
found to apply to the plastic laminates (Class C) and some of the ceramics. Further work is
being conducted on the other classes to see if thoy n:.y fit the general equation (9).
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3. RAIN EROSION PHENOMENON

The ;otWs of material by rain erosiun is a complex phenonenon which has been studied in
recent years by the University of Cambridge and the Royal Aircraft Establishment among
others. The radial flow velocities associated with water drop impact at 90' hava hAAn ,-ma-

a, &Z 4, U ium?3 6e impact velocity. The dynamic or impact pressures on the face of
materials at normal impact can be calculated by the water hammer equation:

p = p cv

where

c - compression wave or acoustic velocity

p = fluid density

v = impact ve!ocity

At 3000 ft/sec this pressure Is epprnxizmately 194.000 psi. It is these tremendous high
pressure pulses which induce excessive tensile, compression, shear and combined stresses
within a material, causing failure.

4. FAILURE MECHANISMS IN MlA'IERIALS

The mechanism of failure within materials varies according to material type with elasto-
meric materials failing adhesively through transmission of the shear stress to the substrate
breaking the bond. Plastic-like materials and soft metals deform under impact and flow
plastically resulting in craters and pits. Isotropic ceramics and hard metals are eroded by
work hardening and subsequent fracture of small imperfections In the surface. As these
imperfections are removed, protrusions are formed against which the flowing liquid acts to
exert a shear stress and turning moment, causing failure. All these mechanisms have been
observed in this evaluation series.

5. CALIBRATION RUNS

To investigate the effects of sample position on sample damage both vertical and left/right,
four standard or calibration runs were conducted. The wedges for these runs contained 80
samples of material cut from the same sheet of Plexiglas. Calibration runs were made at
Mach 1.5. 2.0, 2.5. and 3.0. Data for these runs are shown in Figures 12 through 15. Vertical
and left/right positions are shown in Figure 16. Left side losses are represented by the dashed
lines; right side losses are shown by solid lines. In general the data is random at all velocities
and for all angles with the left and right curves crossing without indicating any pattern or
trend.

This random weight loss effect may be explained in terms of probabilities of drop size
distribution experienced by any particular single exposed sample. It Is not difficult to imagine
that a sample on one side of the wedge could experience impact with a somewhat different total
number of drops and average drop size than the other side when traveling 6000 feet through a
tube of air In which random slie water particles are dispersed.

It may be concluded from Figures 12 through 15 that there are no serious effects which
make the samples position dependent. Positions 1 and 8, 1. e., top and bottom, at 60° show
somewhat greater losses than all samples at the same angle in positions 2 through 7. This
becomes more serious at the high velocities and can be explained only as an end effect in
which the wave pattern differs from that which is typical over the center section of the two-
dimensional wedwe. The normalizing tondency of staggering samples on either side of the
wedge partially overcomes this effect.
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Note: The letters and numbers of the positions have no relation to the, letters and numbers
of the classes of materials

Figure 16. Sample Posi:tion N~umbers in Wedge

When the 16 data points for Plexiglas. material 1-2, were averaged foz" the some impact
angle and velocity before plotting the curve MPPR vs sin 19 or erosion rate vs normal com-

ponent of velocity, the same curve wao produced as was obtained from a run in which only

two data points per angle were available. This is an indication that two samples exposed to

the same test conditions Is not too small a sampling to yield reliable data.
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SECTION VIII

EVALUATION RESULTS *
B~ach of the mae ia s di. cussed individually. The prcsentatX,.. and evaluation includeea description of the material, an indication of important properties, results and treatment oferosion dat~a. vonnina~inne r-gmrmg tan itr~ c ~ ~ r wilrvre

It is again emphasized tbat these ma~terials were not specifically designed or prepared fornupnr~r.alc ral iý:P~u~.UsA ro~~iice~ and any poor periorixiance in the rain envii.t-nnent by nomeans indicates any arrltlclrm or disparity in their utility for other nonerosive applications.Further, any outstanding performance in the rain should not be taken as an endorsement ofthese materials by the Government; it Is rather a functiona of the nmaterialai properties andtheir relationship to erotion resistance,
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1. CLASS A - ISOTROLIC CERAMICS

A-I l:yrocerAni 9606

Pyroceram 9606 is a glass-ceramic muterial devetoped by and proprietary to the Coming
Glass Works. It has been used extensively for missile radomors in the supersonic range and
remains one of the best avaolabie matcrials in lervs3 o! DoW cost am! overan permrfl•iae.

rIL ~ ThIR materia, In cearth ly~ _soun or cast In a female roold in tho allss form after which
it is rough machined. Finkl ginding is completed v [ter conversion to th18 Lermic stage.

Dlelectic proporty tolerances are excellent because of the close control of batches. and
finish machine tolerances to provide precision radomes.

It has zero porosity, good flexural strength, moderate thermal expansion properties anid a
high use temperature. It may therefore be consi'iered to be good in thermal shock resistance,
depending upon the wall thickness for aa pe7nific application.

Pyroceram 9606 is not as erosion resistant as highly dense alumina or beryllia but i9 more
resistant than cordiorito or fused silica of the Isotropic enrawlcB. SpecinsM of Pyroceram.
9606 were undamaged in all positions at velocities up through Macb 2.0 Ihl 60* specimoen(,
were eroded at Mach 2.5 and 3.0 and the 45* spo;imetns were also damaged at Mach 3
Otherwise the material exhibited good erosion resistance.

3I
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IA-2 Pyroceram 9611

"This material Is a developraental formof Pyrocoram "d has a higher eensity and dielectric
constant than the 9606. It has zero porosity but lower flexural and tensile strength. Siwua it is
both deveiupmental and pruprietary, very limi.ed information is available.

This matorial, in general, performed Letter than LhL- glasses tLei ted but nct as well as the
9606 Pyroceramn, alunina, or beryllia. Up through Mach 2.0, performaunce was bhtter than
fuiea suijca; at greater Mych numbers its performance was unsatisfactory at all impacL
angles. Upon failure the material dices similar to certain types of safety glass with srnalI,
round-edged piec es. but without noticeable surface erosion.

I3
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A-3. A-4. A-5 Alumina

Three representative high grade alumina were furnished for evaluation by two suppliers.
Alaimag No. 753 aluina from the American Lava Division of the 3-M Compeny was tested
on the iamne run with Western Cold and Plati"am Company Wes&p AL-300, and Wesgo
Wearox a1lraunas. Propurtios of thee three materivls are similar (see table Vii). AU three

As a iadozn material the high grade aluminas have the greatest hardness, elasUc modulus.
and nexnram sc-agtis Of the laohtopic cemmic materials considered in this pro-ua.
Porosity in zero volth dielectric constants raWglng between 9.6 and 9.9. These materials
make excellenL radomos if the particular wall coamtruction at the design frequezey is within
the adowable thermal stress limit. Cost is likely to be somewhat higher than for some other
ceramics because of relatively high cont diamond grinding.

Of all dielectric materials vvalusted these materials show the greatest rain erosion re-
sistance. At Mach -!.0 vad 2.5 no measurable damage was observed for the Altruang 753
alumina. ti . Wesgo AL ,309 and Wesgo Wearox were evaluated only at klach 3,0. Since frac-
ture did occnr in tUe 753 and Wearox specimens at 60' at Mach Z.0. the AL-300 may be
slightly supcrior in rain erosion re,•istance. It is likely that this dLfference reaulte irom a
smaller grain size within the AL-300 uijate-ial.
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Dense beryllia ceramics are manufactured by several conapanies in the United Jtates. The
numniier is very limitea because of the toxic effects from working with the material in the
powder, dust, or vapor form. Special processing facllities are required to protect the workers
from these potential health hazards. This does not mean that beryllia should not be ocuaidered
as a candidate radome material. It means only that the special facilities ted to raise the
cost of pI-oelcts made from this material. These companies culrrently have the capability of
manufacturing large size radome blanks. They do not however have the finish grinding capa-
bility; this finishing would have to be accornplished, by companies having such grinding equip-
ment.

Beryllia has an exceptionally high thermal conductiitq, comparable to that of aluminum
metal. Combined with fairly high floxural and tensile strength this material can be expected
to provide goW thermal shock resistance for many :.2ioolc ippllc..tions. ItL di•Ictric; prop
erties are excellent aud it is nonporous. The hardnues appro;.ohcs that of alumima which
should make It very resistant to rain erosion.

The Alsimag 754 beryllia specimens were provided by Americ.in Lava Dlvisikn of 3-M
Company. The test specimens for 600 at Mach 2.0 were broken raiher duhn eroded. This
occurred before the brittle materials were potted and additional sar-p•..s were not available
for rerun. This Is obvious from the samples showing no damage at Mach 2.5. Weight loss
at Mach 3.0 is very minor indicating that beryllia may be rated second only to high grade
alumina.

40
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A-7 Cordierite - Alsiniag No. 701

Cordierite (2MgO.2 A12 0 3 . 5910 2) is of Interest for radome mianufacture because it IF; non-

proprietary, has good dielectric properticB. is fairly hard and has medium strength by com-
parison with other coramics. It has the disadvaniage of being -ilightiy porous and would, there-
fore. rectulre a subilization type seaLer such as Teflon. This material. has a relatively narrow
firing range requiring p~recis~ion firing control. Otherwise it can be manufactuxud essentially

with t~ho same slip casting or pressing processes as silica or alumina. ~

The cordierite evaluated in this program is the Alsimag No. 7101 furnished by the American
Lava Division of the 3, M Company. Generally cordierite can bu rated betwuen 0606 IPyroceram
and 7941 fused silica in erosion resistance. The surface eroded meauaurably at 450 und 60' atL
higher velocities. All samples were potted including the Mach 2.0 specimens.

0.35 - _ _
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Figure 22. MDPR vs Sine Impact Angle - Alimimag 701 Cordierite
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A-8, .A-9. A-10. A-I1. A-12 Fused Silica

Fae soparate fused silica materiala3 were furnished by throe suppliorts: (1) one fror i
Cornang 7941; (2) tbr•e fromn the Pomona Division of General Dynamics (GD/P); and (3) one
from the Brutawick Corporation. Of the three silicas from GU/,'-. Tvto I was silicon coated.
Type I1 Teflon coated, and Type III uncoatod. Ad five may be considered as repreHentative
of the available materials from many suppliers. From the data of Table VII the 7941 is [
likAly of hittw'v atw..uth than th" ethaveed.

!A spit3 of a ueriouu porosity problem and lack of strongtb. the fused silicas h-.;ý !Lhe lowest
dicleetric constant, loas tangent, and thermal expansion of any of the ceramics. IL is the boat
available material in thermal shock reeintance. has a very high peak use temnporature, and
ablates clearly abowo the softening point. There are certain applications where fus!.-d Silica
may be the only material capable of meeting the therm.. environarent at very high heat flux
levels. It may also be attractive for some applicationB from a cost standpoint.

In observing the re3ults of fui'ed silicas Types I. 11 anud III the damage is very similar The
data has been combinal to average the weight losses using six samples per angle ins-tead of
two. M0P4I equations were develomul for bolt 7941 and the G1)/P Eihc.. producing consanits
which indicate the GD/P silica is sligbtly more resistant than the 7941.

[he fused silicas *s a group are the poorest ceramic materials evaluated. When using this
material for any missile radome the impact angles should te very small and metallic noie
tips should be incorporated into the design where feasible.

III
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Figure 24. Ni)Plt ve Siuu Impact Angle - GD/ P Fused Silica
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metfs (if *xictraf'iny th- th't-mrr cS ava1. Iit) 1; ai.u- a un tyxi-lit. torr r--tu-ed raiIonif %figp.tf%
Ad !o :U i c(r Ium Ln" ak[alrk~ý ar p):it: a in:D;. I LI*I~ Lri~:li 1igii - .111WII LUUiC-_!7_.UEI n! J1 1

Lhiii material fler'AP4siL'tv r;-litvely Jima sIkini (C.0201-0 (W"i) daj lo t~ i&eIswtictr ci~ri. foir
akin-ours inat,4hinu. The ove rall bL-St couwproMja&u in dehieVing good okAcLr.;ial Perforein-ce

ml' sat sfac,ory thermal shi'nk rvA.-Iane-.e ntme(-aItiftples the usq- of aibout a 1 gra/cc learned
curt- with a 4 gm,/ce high density n;kin. Thbis combinationat llowm the~rmail fracture within the
core rather th~in the s1.~iuB under severe heating rutes yet allows for reasoniably high :ikin

Corpbraionfor ovaluation at all four Mach numbers. Two additional Bets having 0.040 inch

skins but wit-h the sariea cor', dl'nsity wnrn fiirrislhed, one each frnm lirunswick and Nairnco.
for evaluation at Mach 1.5

The fabrication technoilogy for coust~ruct~on of small ratknmes by this method bas Ween de-
veloped by several companies. Although there are ccriakin difladvantagets iuniert~n witihin a
cel-atnic sandwvich construction, it nshould be cormidered as a manufuat.turing method which is
achievable.

'There are no significant erosion differcrnces between the Materials Bl-1, B-2, and B-3 from
two suppliers and construc ted by different tecbrlquaes. The same 0.040 inch skins and similar
core densities of the two materials risult in very similar dame-g -I,- .- fted at Mach 1.5.

Thle, B-2 aluminai sandwich %with Ra t gm/cc core density with 0.020 Inch skins was evaluated
between Mach 1.5 and 3.0. Except for very low Impact angles. this material was severely
damaged at Mach 2-0 and above. The cause oi fai lure of these composites is the low comn-
pression strength of the core material allow.ng impact failure of the thin outer skin. Weight

losses for these materltds are not conveniently presentable In graphical or equation form.
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3. C\SC - 111ASlIC LAMINATEIS

C- *1 'uyticn~ illi(ILdZOl (115f) L amiinated

Several hiigh tentpe.-rature rcsins are being consideredi for laminate applications in die 600*F
rangt.- and polybcazimidazole is one. 'Those laminates are processe3d from pre impregrated
sheet-, of glass cloth which contain a prepolymer of the benzimidazole. By a corabttation of
various catalysts, high temperaturu and nic-d,!,rate pressure, the prepceg sheets are formed
into laminates. A port cure of -qcvcrol hundred degreus Fahrenheiýt is normally employed to
fully develop properties of tht! fil-ished laminate. A dark brown color is characteristic of the
cureud Iam~i~te. Poor wetting of the glass cloth by the polybenzlinidazole rebin rosult.s in
laminates which are dry; i. e., not rich in resin. tihese lamninates typically pofssess 10 tu 2U1j,
porosity with excellent flexural and tensile strengths. The 11131 (Imidite) lamrniate specimens
were furviished by Narmcýo itI and DJ Division of the Whittaker Corporation.

['he PBI laminatcs were evaluated at velocities from Mach 1.5 to Mach 3i.0 with increasing
*erosion as tlie spreed increased. Erosionof those laminates was found te ob~ey the high velocity-

short exposure time equation developed in Section V-B. Figure 13 shows the moan depth of
* ~penetration rate as a function of the sine of the imipact angle and the constants. for this PBI

mnaterial are summarized in Table VIII.

The erosion of the PBI laminate was more severe than that of the epoxy laminates, com-
parable to the polylmnides and less severe than the silicone or inorganic lamainates.

0.24 -

V) C-12

40.10-
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Ui0.06 -W- - I

o 0.04

00.02 - "Coe

SINE IMPACT ANGLE

Firuru 31. MIDPR vs Sine Impact Anigle - PBI (Irnidite) Laminate
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C -2 Viiraaw 8265 IEpey Laminnate

!:1)oxy rusins are widely uised fur manty applications and thý.-ir utilization for radonic lanil-j
n~iy 0 -I- extenwivt!. Inwm';ý-t lIn highur usu turlemjritLturu.1-; ha. prolmptoedi at Iki11J4lal of comIJULrM-S
to develop epoxitrq with goodt tempertiture, capabilities. One such resin is the I'urwev 82t,5

eIpt)Xy of the Furaiio Plas~tics Companly which, mit~hougli ulark brown in color, retalms itstrc

turv.1prupr~rtic.; t,,r lot% perio(Is up to 450'F.

-vamiflAtLS C.tn he prupare'A by toriventiunitl jpiress- techniques withi ziror~ poiro,.ity ani- good
fl&in..i~rm andl vtnmLrtei-iive strunkUls. thle loss tungent of thils leminiatu Is rou.3oribly high at
0.(I19. [h'le speclirimns which were evaluated in thlsseries were providled by Oen(.ral D~ynaincn/
IY'(.t Worthl tDivislioi.

lht- pti-fornlance 41f the Furare laminate was outstanding at Mach 1.5 wvith no incasulrable

eroclen. AF with the '1H laminate, erosto-, increased wiih increasing velocity atnd the #',roslan
rale (MI)1'1t) t.auknd to vary directiy with the normlal .ornponmit (sine) of the V( lo--ity of
imipact. Thu mstnt for Fiirane laminates are found in Table VIII and agreemnent wilth the

(Nlutjor wan~Iielt. he Fur-ne e~puxy lamilalte :ilontgwith the 1Fpuxn P28 pomxy had &.uc best
eros jov r(- zisAt.n'' ol the uncoat-rd laiminates vvwiluated.

016 -- -

0.14 --
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0.12
W

z0.10
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Figure 33. MDPR vs Sine Impact Anf-le -Furane Epoxy Laminate
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I. A
SC-3 Epon 828 Epoxy Laminate

Ptrhap.t the nioF.. widely used epoxylarninatingresin is the Epon 828 resin of I, •1 ihrn(ct
Cormpany. This upoxy is nornLallv pre.L. formed with an anihlu catalyst t,, m,,', Cur(

1,;Liinatas of this epoxy are good to 450"1 for up to 50(0 hours with retention ol , prop
ertiuti. Zuriu puLcsity., dark green laralnate.i can be fabrihtated which h.Io-! , leisity ,.

1.6 g/cm.

The Epon 838 laminate is so wiaduy used that it was selected as standtitd .,tibstrato o,

which to evalwtto clastomeric, ceramic and nickel coatings All Epon B28 1;,iuites wo'ai
furnished by NAVIU.DEVWEN.

"The uncoated Epon 828 laminate was secor.d only to the Yurane in resistanuc ri, in inmpac j
At Mach 1.5, there was only a trace of erosion in thu CO samples NAth all olhlr.r intouchu;
/At Mach 2.0 and 2.5 the erosion rate was comparable to the Furane eFoxy. Agrecment willt
the rain Urosion equaoioL was once again good and consta-nts were ditrived ( ,u ]abhi \uJIF

0.08

0.0

00. eec
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0 0.2 0.4 0.6 0.8 1.0
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Figure 35. MDPR vs Sine Impact Angle - Epon 828 Epoxy Laminate

C-4 No Specimens

This number was assigned to an epoxy laminete with the upper plies loaded with alumina.
However, fabrication difficulties forced its elimination from tb', program.
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C-5 Polyfinide LI.amnate BIMEC ý'137 Sealer

'The polyimide laminate ir amothlm 600IF p1q.titit, strictv.al rnatorlul butrig oonAiderod for

;:upcr-aoniP Ir~anmsp,)rt (and advanwced mi mhlU) UpjiiiUn.hnuh ''11VB cs luiana.tei avL fabric 'ted

using a prupt'eg ult-th, high temperature and pres,.;ure cuic and. p,.3t (.ure. The polyirnide

D minmate his belter oxi(hitiv, sitibility than the PTI I.khoinate and hence ret,.'ns its phy,:iCal
he,~ II)HT'F am wtll nr hliltir than |.hei P1-lf[ flichmi.h it., hfidial nhvyqeal urnm-rliin are lower.

The polyimide resins resemble the PBI in dark brown color and poor wetting of the glass

;ill the purus is advantageous. The polyirilde laminates with BMEC 1937 silicone sealer

were supplied by llocing/Airplane Division.

The data for the sealed polyimide laminate once again followed the rain erosion equation

developed earlier. However the sealer inhibited the erosion of the laminate as compared tx)

the uncoated polyimido laminate (Specimen C-6). At Mach 1.5 the icaler was partially re-

moved on the 45' and 60' samples. This removal was considerably more pronounced at

Mach 2.0 but there was little oe no damage to the laminate itself. Constants for this material
in the rain erosion equation are located in Table VIII.
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Figure 37. MDPR vs Sine Impact Angle -- Polyirnide Laminate BMEC 1937 Sealer
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A FM L -11'-67 -164. I
C-6 Polyimide Laminate (Uncoated)

Another advantage of the pulyimnie resin over the 1113 is its processability. The laminates
from polyimidl tire more euaily fabricated using prtviuusly described twchniques. A corn-,
merucially avjilabie polyinide is Skyuar(l 700 of Mon.anto. lraminates (if this r,.slrt were

prepared by Bru.,;wick Corporation with den.•)ty of 1.7 g/cm , flexural sLrength of 60,000 psi
and loss tangent of 0.0,15. These laminates still appeared dry, not as rich in resin as the
epoxies, but richer thaz the F)BI.

The erosiou of the uncoated polyinaide laminate falls between that of the FBI laminate and
the sealed polyirnide in sevority. The damage was moderate at Mach 1.5 and increasingly
severe at higher speeds. Constants were once more uerived which fit the high velocity-short
exposure time equation,

0 .16
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Figure 39. MDPR vs Sine Impact Angle - Polyimide Laminate - Skyguard 700
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C-7 Nomex Epoxy Laminate

The Nomex Nylon fabric is widely utilized in many laminate applications because of its
fabricability. The Nomex impregnatcd with a Bakelite epoxy "-esin is being considered for
some advanced missile applications. Althougl• possessing low density (1.38), Nomex lami-
natub have zero porosity and a light tan color. Specimens from Boeing/Aerospace Div1Laonr
were evaluated.

The crosion rates ior the Nomex epoxy laminates were slightly greater than the Furane
STed ~mmr R2M £Anrndi' 0+ ma', I R -4 O.')A. A ý %= 2I..d ý1 naa 'Cpt ofj pýwr~u

was still greater thin dhe other epoxies but less than the high temperature plastic laminates
(PBI, polyimide, and silicone). Constants for the Nomex laminate in the equation were de-
termined. (See Table VIIi.)
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Figure 41. MDPR vs Sine Impact Angle - Nomex Epoxy Laminate
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C-8 DC 2106 Silicone Laminate

Silicone rcsins for laminating purposes have not been too widely empluyed but thu most
extensively used is the Dow Corning DC-2106 silicote. A set of spe(Amiens provided by
NAVAIRDEVCEN was evaluated at Mach 1.5 only and erooion resistance was tihc pooret

fnr n nI~atir. , .iAnk.!t auviahn-wiRd.4 min ivnnsi~t 30" wn-rm mnu-indrmiakv iii-odeI sal. Miswh 1-5s
and this was not noted on any other plastic laminates at this specd.11
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Figure 43. MDPR vs Sine Impact Angle - DC 2106 Silicone Laminate
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4. CLASS D - INORGANIC LAMINA'IES

D-1 Filament Wound Alumina-Silica/S GIa'!s

The inorganic laniinates arc of int(worot Weause of their very high temperature capabilities
(up to 1000"F). Thcse laminatin aro pro . .U(d iin much the same way as the plastic, laminates
except an inorganic Impregnating blnd:vr Is used. One such structural tmute:ial is continuous
fjlaynntn wunlinrl R4..oA.0 #Qr~' , 1-. A- --. --- ---. - --

- - - - - - - - - - --... . . . .s0 -o'o.&iL~-r0iIL;tI IIIIALLJXC. j he ianil
nittes prepared from thi3 combination arc cured at high temperaturo but arc poorly formed
and contain noticeable voids with a grainy, oriented surface. Lockheed Company, Missiles
arid Spaa ViviUI ryruviduoi tinaipies for ovstuation,

Of all laminated construction examined in this program, the filament wound alumina-silica-
S glass was eroded most sevjrely. This is in part to be expected becaust the orientation of
glass fibers introduced by the wiading process would reduce the strength of the overall nom-
posi te.

At Macah 1.5 damage was observed u,. dhe 60' specimens with only slight erosion at 45'. At
Mach 2.0 and 2.5 the 60' specimene were completely gone after exposure, the 45* specimens
,' 2 ponetratcd Luid the 3U0 and 90' samples damaged badly.

f~ 
-,,° 0.355 ---

0.30
W
(I)

D 0.2C-- --

4 0.10

> 0.20

a: 0.05 0-
CL. SSG I

1~ G_

0 0.2 0.4 0.6 08 1.0

SINE IMPACT ANGLE

Figure 45. MDPR vs Sire Impact Angle - Filament Wound Alumina - Silica/S Glass
Laminate

68

_ _ _ _ _ _ __ _b.



AFML-Tlt-ý7-- iG4

f 2c

~- 4~~iIIIL

F u~~~~-5 -- :W- 
t - ~:

-ij&~ M-

or. *A

Z CL o

wd 
I 

A

!tt

~ ' 1 I 9



A 'ML.TR--67-.l64

D-2 Alm'ninum Phosphate - S Glass Laminac

The aluminum phospbate - S glass Jaminate is another inorganic composition which has
r,:ceived wirih -onpiderntion lycauoe of good thermal tAhlb'iity. This laminatt Is prepared
fTOny anl acid solliti.i whlichi roacts with the glass cloth and then I,-- fired to complete the
wire.

ine nign porowtty and low cornpre:;sivo strangth of AIPO4 laminates ,nak thoem highly

susceptible to rain erosion d am age even subsonically. Specimens of aluminum phosphate-
G rp3pim wort .•supplied by Brunswick uorporation.

Evaluations at Mach 1.5 indicated the AlPO laminates to be comparable to the DC-2106
4

silicone at this velocity and slightly better than the alumina silica-S glass materials. At .
Mach 2.0 and above, the 60' samples were completely penetrated with the other positions
showing progressively greater erosion at higher speeds. The rubber pads with which these
materials were backed up were also eroded at the highor velocities after the phosphate was
gone. it can be stated that the better wetting, higher physical proper-t~es anid improved in-
tegrity of the plastic (organic and semi organic) lajidnates a:te essential for rain erosion
r ,sist•ance. It is the lack of these proparties which are the woeakness of inorgaric laminates.
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Fiagure 47, MDPR vs Sine Impact Angle - Aluminum Phosphate Laminate
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5. CLASS E - CERAMIC-COATED LAMINATES

E-i and E-15 Precast Alumina/AlPO4 Laminate

The casting technique lr depositing thin dense ceramic coatings is used for a number of
m a...... .. uuoui-. "in4s aiumina is cant on a high temperature substrateand t:•an 3intered to densify it. For fiat plates, thickness control is good but thin wall castingin radome shapea involves intricate metal molds.

The thin precast coatings are then bonded to the laminate substrate using an adhesive orthe laminate may be laid up directly on the cast coating. The over-all protection of this sys-tem depends d!rectly upon the quality of this adhesive bond. Further, as with thin ceramiccoatings prepared by any technique, the modulus and strength of the substrate compared withthe ceramic coating also has a significant effect on the erosion resistance of the entire sys-tem. These samples were submitted by die Brunswick Corporation.

The 0.020 inch thickness of precast alumina (Specimen E-1) was evaluated at all velocities,to Machi 3.0 with increaaing erosion at higher speeds. Limited protection was afforded thealuminum phosphate at Mach 1.5; the coating was gone at 600 with n inor damage to the lami-nate and the other positions were intact. At Mach 2.0 the laminate %vas more damaged at 600but the other positions were only slightly damaged. The 600 samples v., Mach 2.5 and 3.0 werecompletely penetrated through the laminatc and the 45' specimens had the coatings removed.
An 0.040 inch thickness of precast alumina (Specimen E-15) over AIPO 4 was evaluated at

Mach 2.5 only and showed similar performanc¢ to and slightly better protection than the0.020 inch thickness. In general, the adhesive bond on these specimens was quite satisfactorywith small pieces remaining on the lamdnate even after considerable erosion had occurred.
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E-2, E-3. E-4. E-11. E-12 Plasma-Snrave.d Alumminsa fl•v Aori Rili,'u_
Almaina- S Glass or Poly.niide

""... .. .*"l.'yA.A, . J&o ,.JU.,L A U 6A114 U wi. u w xy wLA.LU,, rU lirt-iaring
thin, dense coatings of ceramics and metals. In this process, coramic particles are injected
into an electrically heated, very high temperature inert gas stream which me'ts and accel-
erates the particles so that upon impact with the substrate they deform and bond to the sur-
face. The degree of melting of the particles depends on the particle diameter, density and
thermal properties and the enthalpy of the gas stream. Not only can a number of materials
be deposited on a number of subtrates, but composite coatings oi several materials can
be applied simultaneously. The coating van be applied directly to a laminate substrate If it
h-s high temperature capability or on a high temperature mold and the laminate laid up or
secondarily bonded. The performance of these coatings is once again highly dependent upon
the itreaLth uf the sub'ftrate. The plasma sprayed coatings over aluminum phusphate and
polyimide were suppliUd by Brunswic a-md those over alumina-silica-quartz glass were
turnished by Lockheed.

Two tbicknesw&(.020 Inch and 0.040 inch) of plasma sprayed alnmina over aiuminum phos-
phate laminate were evaluated at all velocities to Mach 3.0. The aluminum phosphato was used
because its high temperature stability onabled direct deposition of the alumina on the laminate.
In general the plasma sprayed coatings were eroded more severely than the precast or flame
sprayed coatings even at the 0.040 inch thickness. The thicker coating did yield more pro-
tection at Mach 1.5 and 2.0, but at Mach 2.5 and above this effect was negligible with little
additional protection afforded by the extra thickness.

Plasma sprayed alumina over alumina-silica-quartz glass and polyimide laminates were
evaluated at Mach 1.5 and 2.0 respectively. The alumina over alumina-silica-quartz glass
exhibited the lowest erosion resistance of the plasma sprayed coating-substrate combinations.
The alumina over polyimide performed better than the alumina over AIPO4, Once again this

erosion resistance can be tied d!rectly to the substrate strength (polyimlde stronger than
AlPQ4 stronger than alumina-silica-quartz glass).

4
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E-5, E-6, E-9, E-10 Flame Sprayed Alui,,na Over PBI and Polyimilde lTamnttcs

The flame spraying of ceramic materialN lis been widely usud for coatings o-. advit•.
compressor blades and many indtintri;l applications. In lth:; technique which is sitillar to
plasma spraying the spraying gas is oxidizing r:tther than Inert anrd coanbustion of thenie

i ~es produces the heat for nieltina the uartioleas. Oxvvi'ti ,nil ande,.o.. , , ....
anit the materials may he fed in the powder, wire, or r(od form. The principal difference In
the alumina coatings produced by these two methods is hat the flame spraying produces
alumina In th.................... ...... , ic U .-dAty s'tn whil.- plawna spraying
produces primarily alpha alumina, the high density phase. In the Rokide "A" process of
flame spraying, the coating material is fed in the rod form. Once again combinations of
materials to achieve specific compositions can be sprayed together. The flame sprayed
alumina over _PBI specimens were furnished by Narmco and the alw,,iAt over polyinide was
supplied by Goodyear Aerospace Corporation.

Flaune sprayed alumina coatings in two thicknesses over PBI laminates and with and without
chromic oxide over polyinnide hlninatem were evaluated up to Mach 3.0. The coatings over
PB1 were produced by powder spraying directly on the laminate. The chromic oxide addition
to the alumina forms a eutectAc with considerably improved properties and better strength.
The coatings on polylnilde were tiprayed on a metal die using the Rokide "A" (rod) pr(xcems
and then the laminates were laid up afterward.

The flamie sprayed coatings over PBI performed reasonabiy well in the rain; however, at
60" the coating was gone even at Mach 1.5. In these specimens the effect of coating thickness
was less pronounced than with plasma sprayed coatings.

The Rokide "A" coatings with and without chromic oxide were comparable at all speeds
and yielded better protection than the powder sprayed coatings or the plasma sprayed coatings
(although thin may be due to a better bond).

E-7 No Specimens

This number was originally assigned to a vapor deposited alumrina coating over a P1i3
laminate. However. no specimens were obtainable for evaluation.
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E-8 Alum ina/RTV521/Polyimide Laminate

An interesting composition of alumina filled with a vitreous clay in being considered for
radome annlieatinnR nn adva-..nc_ ei.rcraft. The addition of slay gre~atl hAfj:u-vn ihe hardness
of the alumina coating (to Knoop 1000) and facilitates fabrication of radomes with it. The
application of this material over an RTV silicone which acts as an interlayer with low modulus
to counteract thermal expansion differences and as an adhesive and then backed up with a thin
polyimide laminate is now being evaluated. Sairiples of this composition were provided by
Boeing/Airplane Dlvlialon.

The dielectric design of this structure would be difficult because of the differences in
dielectric constants for the three materials. Considerable experimentatiou would be required
to establish operating capability of such a system. Tapered construction of two layers might
also be required.

At Mach 1.5 a coating of 0.125 inch thick alumina (71.5%) filled with clay over 0.030 inch
RTV521 silicone over 0.100 inch polyimide lm-ninate was uudamaged after exposvre. At
Mach 2.0 the 60* specimens were diced into many small pieces but the adhesIon to the
polylmide through the silicone was maintained. At Mach 2.5 and 3.0 the 600 specimens were
completely penetrated and the other positions increasingly eroded.

E-13 No Specimens

Plasma sprayed alumina over a filament wound silica quartz giass laminate were planned
for this number. This, would be in distinction to the plasma sprayed alumina over the sxiica
quartz glass laminatec. prepared by lay-up techniques (Specimen E-11). No specimens were
obtained for evaluation.
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E-14 Roidde A Alumina (Epoxy Impregnated)/Epoxy Laminate

For lower temperature substrates such as epoxies, the "pick-up'" technique in which the
ceramic is sprayed on a mold and the coating is picked up by laminating directly onto it can
be used. This maximizes the adhesive boxid obtainable for thi• coating-substrate combination.

S~A technique which Is useful for sealing the pores in a sprayed coating is to imnpregnate the

sprayed ceramic with an organic resin. This resin can then be room temperature curd or

Specimens consisting of a flame sprayed alunina (Rokide "A" process) onto which an
Epon 828 epoxy laminate had been laid up and on which the surface had been impregnated
with Epon 828 epoxy resin were furnished by the Naval Ordnance Laboratory.

The Rokide "A" alumina coatings (0.030 inch) which had been imprernated with Epon 328
epoxy resin and picked up on an 828 epoxy laminate yielded the best protection of any ceramic
coating in the rain field. At Mach 1.5 no danage was observed; at Mach 2.0 the coating was
partially removed at 60' with no other damage, and at Mach 2.5 the 450 and 680 positionS were
damaged but the others were untouched.

The combination of no porosity of the coating (via impregnation) and the good bondirng of the
pick-up technique resulted in a ceramic coated laminate with good resistance.

I
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E-16 Plasma Sprayed Alumina (H3 PO4 -Treated)/Epoxy Laminate

The plasma sprayed alumina coatings l~ave been investigated thoroughly in a recent Air
Force program (Reference 8). An interesting devlopment ot this research was that treat-
ment of the as-sprayed alumina coatings with phosphoric acid reduced the porosity, Improved
U--6 aiduca aniid gruakiy cnimuncd mhe subsonic ramn erosion resisitance of this coating. The
phosphoric acid reacts chemically with the alumina particles to give an aluminum phosphate
which seals the po)res.

A set of these H 3 PO4-treated specimens were prepared by secondarily bonding a treated

alumina coating (sprayed on a metal mold) to an epoxy laminate using an epoxy adhesive.
These specimens were prepared by Brunswick Corporation uLder Contract AF 33(615)-3342.

The erosion resistance of this phosphoric acid-treated, plasma-sprayed alumina (0.030 inch)
was as good as the epoxy-impregnated Rokide "All altumina; that is. the best of any ceramic
coating. At Mach 1.5 the specimens were undamaged and at Mach 2.0. the 606 specimens were
the only ones damaged. The coating Vas partially removed but the adhesion to the epoxy
laminate wa:: excellent.

Once again these results point out the need for reducing the porosity of sprayed coatings
and the requirement of optimizing the adhesive bond between ceramic and laminate.

92
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G. CLASS F - ELASTOMERIC--COATED LAMINATES

F-1 and F-2 0.010 and 0.020 Inch Sprayed Neoprene/Epon 828 Laminate

Although elastumeric coatings are usuEliy used for subsonic rain erns•,in p-rnft• ...
ox their good protective abilities in that environment, they are not widely considered for
supersonic purposes because of temperature limitations and Peor resistancE to supersonic I

*ra~in impact. in a Lqubaonle. evir-vent the reec1;enoy ft 16111ty or' iti eLwiunuers
enables them to withstan,1 repeated raindrop impact. At highcr -velocities the increased
severiy and rap-dity of impact causes them to fail.

It ,ias felt that several representative elastonieric coatings should be examined at Mach 1.5
to 2.5. Two such coatings were two thicknesses of a sprayed neoprene (Gates Engineering
Company) applied over anEpon 828 epoxy laminate m~ade by the Naval Air Development Center.
Tie 0.010 inchi thickness lies within the rain erosion specification coating thckness
(Ml!-C-!439B) and the 0.020 inch thickness represents an upper limit for sprayed neoprene
(because of electrical characteristics and application difficulties). The Epon 828 laminate
was prepared in the same manner as the uncoated laminate (Specimen C-3).

Exposure of the sprayed necprene resulted in no detectable erosion at Mach 1.5 with lzi-
creasing damage at Mach 2.0 and 2.5. The 0.010 inch thickness was sufficient to provide pro-
tection and the addition of an extra 10 mils did not improve the resistance. Ai Mach 2.5 there
was less substrate damage at the 450 position with the 0.020 inch coating but the 60° position
eroded comparably at all speeds.
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Fitxre 63. MDPR vs Sine Impact Angie - C. 010 Inch Gaco/ Epon 8211 Epoxy Laminate
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F-3, F-4, F-5 0.010, 0.020, and 0.030 Inch Neoprene/Dacron Cloth/Epon 828 Laminate

To determine the effects of elastomeric coating thinkness and to compare prefabricated
bonded neoprene to the conventional sprayed neoprene, three thicknesses, 0.010, 0.020, avd
0.030 inch of a neoprene over Dacron cloth boot material from B. F. Goodrich were applied
to Epon 828 epoxy la.ninates by NAVAIRDEVCEN. 'Ihene neoprene boots have a specific
gravity of 1.30, Shore "A" hardness of 56, percent elongation of 570 at break, tensile strength
of 3090 psi, and a dielectric constant and loss tangent of 3.1 and 0.029 respectively.

The laminates were once again prepared by the press technique and after cure the materials
were adixervely bonded with a two-part, low temperature cure epoxy adhesive.

Neoprene boots are widely used in many commercial aircraft but are not accepted for many
military applications. Field maintenance and application are considerably easier than the
sprayed neoprene which is difficult to work with in the field.

The prefabricated boots of neoprune over Dacron cloth protected the epoxy laminate sub--
strates alnost as well as the sprayed neoprene coatings. There was no thickness effect with
these coatings and the 0.010 inch boot resisted erosion as well as the 0.020 or 0.030 inch
thickness. The adhesive bond was satisfactory and failure appeared to be by tearing and
wearirg away of the coating. No erosion was evilent at Mach 1.5 and it became progres-
sively worse at higher velocities.
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Figure 66. MDPR vs Sine Impact Angle - 0. 010 Inch Neoprene/ Dacron/ Epon 828 Epoxy
Laminate
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AFML-T-67-16
V -6, F-7, F-8 0.014, 0.026, antl 0.038 Inch Polyurethane/Epon 828 Laminate

Three thicknesses of an unfilled polyurethane elastoiner were supplied by B, F. Goodrich
and applied to Epon 828 epoxy laminates by NAVAIRDEVCEN using an epoxy adhesive. The

w~hrpetI a rm ea nhthrnni n naft M1mr~a.%,eain V*,1%^h Mh&h4* wýIma..* #

to subsonic rain erosion. These coatings possessed a s-,tiifi, "vity r.Z ir A
hardness of 78, 640% elongation at break and tensile strength of 3450 pal. The electrical
prujrtiul wara nUs tUU DAiavurLls willI a dleicuirz* ounaimmi of 5.5 aMW a 10815 iangeni of 0.05.

The polyurethane elastomers erode by a sudden structural failure In an Isolated area rather
than a gradual eroding away of the surface. Adhesion of polyurethane elastomeric sheets has
always been a continuing problem.

The polyurethanes have excellent sand erosion resistance and are being widely considered
for rain erosion protection as well. In-house research at the Air Force Materials Laboratory
has Indicated an order of magnitude in eros ion resistance improvement with urethanes over
neoprene.

The particular polyurethanes evaluated In thicknesses of 0. 014. 0.026, and 0. 038 inch were
comparable to corresponding thicknesses of neoprene bootii in erosion resistance but less
resistant than the sprayed neoprene. Once again no thickness effect was evident and the
0.014 inch polyurethane, was as resistant as the others. There was no damage at Mach 1. 5
once again; the erosion at Mach 2.0 and 2.5 took the form of cold flow in the surface where
It was not completely brokcen through. This deformation of the surface into many small pro-
trusions ts characteristic of some unfilled urethanes.
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F-9, F-10, F-11 0.O0O, 0.020, and 0.030 Inch Hycar Rubber/Epon 828 Laminate

As representative of an elastomer with high hardness, tear strength and mod,.luL at 100%
elonge.tion, three thicknesses of a lincar rubber were chosen. These coatings had a specific

gravity of 1,368, bihore ,A;; imdnezvs u! W', tqVBI ýa ?f!5 .. *...,.--- -WI -~ran&

break, and 4030 pot tensile strength. Once again the electrical properties were poor with

felten-tric nonstant of 5.0 and loss tangent of 0.05. =

These coatings were bonded to the Epon 828 epoxy laminates by use of the two-part epoxy

adhesive previously mentioned. The Hyca. sheets which had no cloth backing were supplied by

B. F. Goodrich and the epoxy laminate substrates were furnished by NAVAIRIEVCEN.

The high hardness and 100imodulisoftheHycar rubber are not desirable in an elastomeric

erosion resistant coating. These coatings suffered no weight loss at Mach 1.5 but the surface

underwent compression. This compression at the higher velocities resulted in loss of adhesive

bond and failure through tearing of the loosened coatig. Once again no thiclkness effect was

noted but the damage progressed with velocity.

Specimens of F-9 (0.010"Hycar) were not evaluated because damage to the 0.020 and 0.030

inch thicknesses was so severe that their omission from exposure was warranted.
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7. CLAýSS G - GLASSES

SG-1. t.-z. u-s. U-4 uaes _

Four giass materials were submitted for f-valuation. These included two Corning Chernoor
glasses (0313 and 0315), 9753 IR Glass, and the Owens Iuiois C106 CER-VIT. These ma-
terlals are of particular interest for aircraft windshields, infrared domes. and radome Iapplications. =

The Chemcor materials (G-1, G-4) are surface strengthened glasses In which the outside
surfaces havc been put into cc;npression. These materials have extremely high flexural
strengths. zero porosity and aru good optical glasses when polished. Unless the compression
layer is scratched or abraded these glarses defy breakage by ordinary abuse.

The 9753 lIt Glass is a relativeiy new material for use with infrared systems between one
am', four mtctrons wavelength. The sainlples submitted were ground and are therefore tranrslu.-
cent; only poli;hed specimens are transparent.

The foarth glass evaluated was die G-3 material, Owens Illinois C106 CER-VIT, submitted
by the Bocing Co. It is opaque aad milky white in color with extremely smooth surfaces when
polished. The elastic modulus, shear modulus, and flexural strength are good for this class

of materials.

The catastrophic type of fracture experienced by all the glass materials tested does not
lend itself to MD2R curves and equation fitting. Generally these materials have less rain
crosion xesistance than the ceraraics. As is typical for all glass materials the greater the
strength, the more complete the breakige upon fracture.

The Cheincor glass. while stronger than most grades of steel, is destroyed by internal
stress relieving after the rain erosion degradation of the outside compression layer. The G-3
glass showed somewhat less sericus damage th.a the other materials tested at Mach 2.0 and
low impact angles.

11
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U. CLAM 11 - bANIW1Uki ''LAT; jj
H-1. H-2. H-3 Honeycomb Sandwiches

In the interest of trying to develop some quantitative data for lightweight plastic and metal
sandwich structures, the materials H-1, H-2. and H-3 were included for evaluation.

Material H-1 consists of a preformed 0.030 inch autoclaved skin having 3 plys of No. 181
cloth. The overexpanded core was then bonded to the skin. The resin system is Furane 8265
epoxy. A 0,010 inch sprayed Gaco coating was then applied.

Material H-2 uses a 0.020 inch preformed •Polyirnide skin bonded to a 3/16 inch cell
polyimide core material. No coating or sealer has been used on the twco of-the samples.

The H-3 material is a structural sandwich made from 0.010 inch 6-4 titanium skins and
3/16 inch polyimide core honeycomb.

The 8265 Furane epoxy sandwich showed better rain erosion performance than the polyimide
sandwich. This would be expected inasmuch as the skin thickness was greater for the Furane I
epoxy; but modulus and strength are also htghlr for the epoxy systems. Although the data for
these two plastic composites is not plotted, the card photographs qualitatively show the effects
of both velocity and angle.

The 0.010 inch 6-4 titanium skin/polyimide honeycomb combination, while rot eroded, was
highly susceptible to drop impact damage at the higher velocities and angles. It is likely that
this combination could be greatly improved by using0.015 to 0.020 inch outside skin thic-ness
and a 1/8 inch cell honeycomb with stronger cell walls.
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1H-4 and H-5 Teflon or Cork/Nomex Epoxy Laminate

Ablative coatings which char at uniform rates to give a protective layer are widely used
for thermal protection of high temperature misaile and reentry systems. Two materials with
.wnA Tý n"~f. anti n-~r~ir Thin infQt~nWn of *hSaiP mziAtrSLas Ovp~r An

epoxy laminate such as the Nomex were selected for exposure to rain.-+i
'i'efion sheet was supplied by A FM L and andhesively bunded wiUi , a ,oue y W ta N4 iurLAX epoxy

laminate from Boeing/Aerospace Division. A coating of Armstrong Cork AC-2755 sometimes
used as an ablative material over the Nomex epoxy laminate was also furnished by Boeing.

Teflon and cork have exhibited poor erosion resistance subsonically and this was borne out
by the supersonic exposures. The cork coating was more severely damaged at each velocity
than the Teflon and this was expected because of its high porosity and lack of strength. It can
be stated unequivocally that cork has very poor rain erosion resistance for exposure angles
above 150 at velocities of Mach 2.0 or greater.

Thf- erosion resistance of cork and Teflon is very low by comparison with other coatings
like neoprene and polyirethane. The adhesive bond of both materials to the Nomex epoxy was
satisfactory.
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H-6 0.010 Inch Electroplated Nickel/Epon 828 Epoxy Laminate

Not all lanminate structures need be electrically transparent for radar purposes. For
structural applications where metal coatings are permissible, such as light'veight, high speed
compressor blades, the use of nickel plated coatings is feasible. In a recent research effort
(Reference 9), the Air Force Materials Laboratory developed nickel cz,:atings which can be
plated directly on the laminate itself. This plating is accomplished by sensitizing the laminate
surface, making It conductive with electroless copper and then electrolytically depositing
rickel on the copper. The erosion resistance of these coatings is highly dependent on thickness
and 0.010 inch was selected as a representative thickness.

Subsonic evaluations of these nickel coatings have indicated 10 times the resistance over the
elastomeric and ceramic coating.cj. The ductility of the nickel (elongation up to 20%) is felt to
be responsible for this resistance.

The electroplated nickel coatings were the most erosion resistant thin (40 mils or less)
coatings at supersonic velocities. At Mach 1.5 and 2.0 the coatings appeared unexposed after
their firings. At Mach 2.5 specimens at all positions except 600 appeared the same way. At
600 the surface of the nickel had been deformed and ridges appeared where it had been pushed
up by the radially flowing water. This phenomenon was also observed cn the polyphenylene
oxide plastic which likewise was deformed on the surface. The 60° nickel plated sac-nples had
lost adhesion but were not penetrated by the water drops.
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9. CLASS I - THERMAL PLASTICS

I-1 Polyphenylene Oxide (PPO)

An interesting new thermoplastic material which has been recently developed is the poly-
phenylene oxide of General Electric. This material has good mechanical properties with
tensile modulus of 370,000 psi and low creep properties. The electrical properties are also
quite good with low dielectric constant and loss tangent.

The material selected for evaluation was grade 531-B01 which was light beige in color.
This material had a shear strength of 10,900 psi which is reasonably high for a plastic. The
specimens were furnished by General Electric.

The polyphenylene oxide plastic resisted the erosion completely below Mach 2.5 with only
superficial deformation of the surface and no weight loss at Mach 2.5. This resistance was
most surprising and one of the significant developments of these evaluations. The slight
distortion of the surface was n:'tz-h like that of the plated nickel. It is believed the high shear
strength of the P_)O is largely responsible. rn general, results were promising enough to
war•mnt evaluations up to Mach 5.0 and the use of this resin for laminating purposes and
possibly as a thin protective coating.
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nished by A FMI.. 11hls ius the saille gr ade oW '1'Xllgmau-, Ue(e '01 VW C.All IIttif2 runs ai :ci,:l
v Ic- ity.

"lieh material has zero porosity. a density of I.!- i nd inml oduratr phy. eil pr,, ertlee, lt s

whi.*.preo'd ipplication ior -t variety of purixseas mekes it of interest for rain erosion, par-
tic'.iarly with it, use in iow speed aircraft canopie!s.

The erosion of Plexiglas Is in th, form of chipping into granslrs Thils increases withang51u kf impact and velocity. At Mach 1.5 the 60' specimens are surface dainagod with no
weight loss. "lhe damage at Mach 2.0 is noticeable at 60', very minor at 45", ani slight

ot'h-rwi:,,;. At Mach 2.5, the erosion ws:• pr.gres.•ivcly gratre2.
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Figure 87. MDPR vs Sine Impact Angie - Plexiglas
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f -3 'Teflon (TF'Ft)

I h 1 ~ily ' rtfliorcctliee ""t-flon) wax se~ettteu fer evaluaLikit. iecawut of it~; Immany ux..-i
;j an aItT 1dat,. , i )t(t i -d! Qove, ririg, and Vaskvt or Hso.;I I In atLv ial, T'he 1c iIoxn ev.diinated wa,-
sin liar tto thie thin -oat hg alppued over epoxy 1Ln lnateq (Spechimt'n H-4).

'lh' r naerial lia.I; a Ajf *.. I P ,.

U ,Ii'l a ye thamn Plexigla-;

'Ihi urusioin of reflon is relatively ninifnryv- Ind was ctnnsidnerjdjlu tven at iMan-h 1.5. With
kn ni-asillgly gi nate ~r penutration at higher vs~ii~rt:P. dreU It-'111011 t.~

patcevaLuated.

lstc 0.12 F-- I-I

U,

4i 0.08 ----- __ __

0.06 --1 --- 9

> 0.04 --------- K--

0.

o020.4 0.6 0.8 1.0 1.2

SINE IMPACT ANGLE

Figure 89. MTJPR va Sine Impact Angle - Teflon
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.1 - I I - .1-3 -'lWnirvutn and C opperI

TIPwo a lkimi;iju al lo3,- and anii'cah 1 copper wcreý select-d for tht, prograrn. *T'ht Aundwin-
S. Ii! Q jrp 9.4124-T2. *idulv uscd Wu acrospaCc vthicic Co131rirution, and 6061-Tfi. ti welrP 1il

;t loy. [he tt;ineailed -,opper wa'ý a-elCt;2Id to i nellidl.- 'oti qofttr niote ouciiie itiea i. fht

m~etals are of special Iiiiertvst to researchers in the field( of cavit~ttioni daniage for 8fl,,,

rain- -Indu,¶.~

(i tho two aluniiiiniini alloys the 2024-T3 aluminum is harder and has greater yield andi
tensile strergths. It aiso has scoi,;*Iiat greater duc-lity. The anni-aede -opp~-r lias 1(,w-
tvinsile strenj-th hut mlich greater ductility.

AJI three inetals %v#-re run it all Mach numbers uip through Much 3,0. Post-run sarnpde.
lpruces~itig showed no weight losses with the exception of very sinall iooses for the 6061- '16
ait imach .. 0. At Ai:lgh ach '-uniI)e r:i and itipiict arigl' s tlieqv ii .torials did experience
a change of su'rfitce condition whlich is best teritied :is roughening.

The surface of th,' coppeýr was wieasurably compressed and dented. The high ductility
allowed the ýiu!ftcv layur to work harden. Greater exposuire times or higher velocitie-s :)t-
vio~J:,ly would rc-,ult "-i loss of wa~erlal.

The test results for thc mietals cannot be graphf-d a-4 waR possible for rrnt other niaateriabi.

132



_ Z4

lt At

44)

1331



A Vii.-' vi-

AA

KEtt

1~ 34



F-t-

T TU

IC
AFLT-b-b

F1135



A Fl'.N1L T ,R'D 67 164

SECTION IX

DISCUSSION OF RESUL'J

It must be emphasized that the expo,3ures in these evahl:-Iins were for short periods only
but evi-n these brief encounters wit•h Lie rain were iul,. I :IL I Y 1 ic,,tlct;, i:. nbZ; "'z .... . . f
ferenccs in the supersonic rain erosion resistance of various i:,ti t las. The average velocities
and ti_•ni in rain for each of the four Mach numbers were ,;; loliows:

Mach Number Average Velocity Average
(ft/sec) Time in Rain

_,_see )

1.5 1613.6 (8 runs) 3.72

2.0 2126.4 (9 runs) 2.82

2.5 2484.4 (8 runs) 2.41

3.0 3047.8 (4 runs) 1.97

The alumina and beryllia isotropic ceramics were exp., .d to be highly resistant to rain
irrmpingement suIsonically based on previous studies ;1110 they were found to be usable at
all angles of impingement up to Mach 3.0. The cordieritt w;ts useiil for angles below 60' up
to Mach 3.0 and the fused silicas were limited to 30' and btlow at ad, velocities.

The sandwich ceramic construction is not suitable for supeusonic applications where rain
will be encountered. The foam core which gives lightweight and g'uod electrical characteristics
also contributes to failure in rain by virture of its low str, -ngth.

The erosion of the plastic laminates was increasingly severe with greater impingelent
angle and higher velocities. The discor inuity in the plots of erosion rate (mean depth of
penetration rate) as a function of the sine of the impact angle may be explained as follows.
The low rates initially result from a gradual eroding away of the surface resin until a point
is reached , sere the laminate plies are penetrated and a greater rate of erosion occurs.
This penetration of the upper resin layer occurs more rapidly at smaller angles with in-
creasing velocity and hence the increaiing rate at higher speeds. The resins such as PBI
and polyimide which result in "dry" laminates also erod, n iore rapidly than do epoxy lami-
nates because of a lack of outer resin layer and hence quicker penetration of the plies. This
lack of surface layer is also true for the Inorganic laminates.

All laminates should be covered with a protective co-iting for supersonic applications. In
general, they are useful uncoated at 15* impingement angles or less but exhibit increasing
damage at 30' and above at Mach 2.0 or greater. The epoxy laminates are not damaged
severely in any position after one exposure at Mach 1.5. Ilowever, they would be eroded with
further exposure at this velocity.

Ceramic coatings demonstrated limited protectiveness for laminate substrates in a supf •-
rionic rain environment. Casting, flame spraying, ano plasma spraying are effective ways if
preparing these coatings. However, unless the surface of the sprayed coating is treated
chemically or impregnated with a sealer of some kini., the ceramic coated laminates are
eroded at angles of 450 and above, even at Mach 1.5. The reduction of coating porosity and the
quality of ceramic-laminate adhesion are the most important factors in crosion resistance.
With proper preparation ceramic coatings are erosion resistant at anglea ot 600 or less up
to Mach 2.0.
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If the exposure time is short enough at Mach 1.5, the elastomeric coatings such as UK-
prene and urethane are resistant to rain erosion. However, at Mach 2.0 or faster even 2 sec-
onds was sufficient to erode completely through the 60° specimens. The positions which we e
damageO A Mach 2.5 were all angles of 45' or more. The damaging effect of drop impinge-
men( at thte higher incidence angles is not miligated at all by thicker elastomeric coatings;
the dainagt iv comparable for thicknusses of a particular material up to 30 mils. The shear
q nlh imnmLt stresses are of such a magnitude at Mach 2.0 and above that they are transmitt•d
through any of these coatings to the laminate, breaking the bond and initiating erosion.

S ..... 3 .......... "• ..... g-l' . I*p..vcE their ,r--,-t--,---- ,-- cnent!-. -p-!-----
but it does not enhance their supersonic rain erosion resistance. The catastrophic failure
once rain pecetrates the surface layer is so extreme that these glasses would have utility
only in designs of less than 13.5' incidence angle.

Honeyeo,nbi structures even with very strong skiib possess poor crosion resistance for the
same reaso is as ,te sandwich ceramics. The physical properties of ablative coatings are so
low that they have poor subsonic erosion resistance as well as poor supersonic resistance.

The use of electroplated nickel coatings applied directly to plastic laminates is a definite
improvement for protection of surfaces where radar compatibility is not a coAcern. These
coatings wete uinaffected at all impingement angles at Mach 1.5 and 2.0, and only the 60"
specimens began to lose adhesion at Mach 2.5.

The erosion resistance of polyphenylene oxide at Mach 2.5 and below was somewhat un-
expected because its overall physical strengths are not greatly different from Plexiglas.
Howevtr, its shear strength of 10.900 psi is higher than the othei thermal plastics and thus
imparts "ductility" to the bulk plastic. -

. :i4
The ductility of annealed copper and the aluminum alloys enables their surfaces to be

considerably deformed without measurable weight losses. These metals would eventually ]be
pitted with material loss after longer rain exposure times at supersonic velocities.
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SECTION X

CONCLUSIONS

1. CLASS A - [.4TRUIPIC CEPAMICS

The niignty dense alumiuiand luq-Iylia -wi. thc+ ...... c,,, Q rlster evaluatd. ."
Other ceramics ranked in decreasing order after them: Pyroceram 9606, cordierite and
fused silica. Erosion rate equations were developed for the fused silica materials. The den-
sity and compressive 9trength of the alumina and beryllia are believed to contribute to their
ercsion resistance.

t -

2. CLASS D - SANDWICH CERAMICS

The sandwich ceramics are inherently low in supersunic rain erosion resistance because
the low compression strength of the foam core permits the dense skin to fail by impact
fracture.

3. CLASS C - PLASTIC LAMINATES

Epoxy laminates were found to be the most erosion resistant laminate construction. Other
organic and semlorganic laminates were decreasingly resistant as follows: polyimide,
polybenzimidazoie (PBI), and silicone. Erosion rates (mean depth of penetration per second)
were discovered to be d -ectly proportional to the normal component of the impact velocity
(sine of the impact angle) and exponentially proportional to the velocity itself. Constants were
determined for equations describing the erosion of these plastic laminates in a supersonic
rain environment.

4. CLASS D - INORGANIC LAMINATES

Inorganic laminates were found to be less resistant than any of the organic or semniorganic
laminates. This may be attributed to their lower strength.

5. CLASS E - CERAMIC-COATED LAMINATES

The porosity of ceramic coatings and the strength of the laminate substrate are the most
important factors in the erosion resistance of the overall composite. Sealing of the pores can
be effectively accomplished by physical impregnation with a resin or by chemical treatment
of the surface. The coating-laminate Interfacial adhesion is another important factor. Pre-
casting, plasma spraying, and flame spraying have been shown to be effective techniques for
producing erosion resistant ceramic coatings,

6. CLASS F - ELASTOMERIC-COATED LAMINATES

Elastomeric coatings have exhibited good erosion resistance at Mach 1.5 for very short
exposure times. The effect of coating thickness on erosion protection is negligible at Mach 2.0
and above with 0.010 inch elastomeric coatings offering as much protection as 0.030 inch
coatings. The quality of the bond is very important in the protection provided by these coatings.

7. CLASS G - GLASSES

The glasses are characterized by less erosion resistance than the ceramicF and cata-
strophic failure upon exposure to rain supersonically. This failure is intensified by internal
sti-cz. relieving after the surface compression layer is degraded. The greater the strength
of these glasses, the more catastrophic Is their failure.
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8. CLASS H - SANDWICH PLASTICS

Vj Honeycomb sandwiches are poor in erosion resistance because of weaknesses inherent in
the thin-skin-over-cellular structure. Thicker skins, smaller cells, and thicker cell wails
improve the erosion resistance in a limited manner.

Ablative coatings such as cork and Teflon are poor in erosion resistance because of high
porosity and low strength.

Electroplated nickel coatings are the most erosion resistant thin coatings over laminates
evaluated. The ductility of the nickel is responsible for its supersonic rain erosion protective
ability.

9. CLASS I - THERMAL PLASTICS

Polyphenylene oxide resists supersonic erosion because its high shear strength enables
considerable surf=-za deformation and rearrangement without measurable erosion. 1?lexiglas
and Teflon in bulk form are eroded because of low shear strength.

10. CLASS J - METALS

Soft ductile metals such as aluminum alloys and copper are damaged by supersonic rain
impact but, for short exposure times, this damage takes the form of denting and - de-
formation without material weight loss.
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SECTION XIH

FUTURE WORK

1. The velocity range of evaluations will be extended to Mach 4 and Mach 5 for the iso-
tropic ceramics, thermal plastics, metal coatings, and bulk metals.

2. A series of repeated runs on particular materials will be made at a specific velocity
(Mach 1.5) to accumulate exposure time on these materials for comtarlnng damage at longer
times at lower velooity with short times at high velocity.

3. New Improved materials such L s pyrolytic boron nitride in the IsotrOpic ceramics
class and polycarbonate in the thermal plastics class will be evaluated. Metals such as tita-
nium and A-1100 pure aluminum will be evaluated along with improved urethane elastomerlc
and other ceramic coatings. Increased emphasis will also be placed on glasses because of
problems with these materials.

TABLE I

PROPULSIOI SYSTEMS

Mach Number Boost Sustain

lst Stage 2d Stage 1st Stage 24 Stage 3d Stage

1.5 1 Cals - 2 M-58 2 M-58 2 14-58

2.0 1 Nike - 3 M-58 3 *-58 -

2.5 1 Genie I Genie 4 M-58 3 M-58

3.0 1 Nike i Nike 6 M-58
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TABLE VI

MATERIALS LIST

C I;a:;!; Mat_ r UL0 Supplie. r L Test Hach No.

r.() ron i v Ceramics

A-II 960t Vyr,)-eram CC. 1.5, 2.0, 2.5, 3.0

A-2 9611 Pyr(r-eram CGw 1.5, 2.0, 2.5, 3.0

A-i /53 AlumLia Alsimag1  2.0, 2.5, 3.0

A-4 Wearox AlumIna Wemmgo 3.0

A-5 Al-300 Alumina Wesgo 3.0

A-b 754 Bu.ryllla Alsimag 2.0, 2.5, 3.0

A-7 701 Cordi.rite Alsimag 2.0, 2.5, 3.0

A-B 7941 Fusv'd Silica CGW 1.5, 2.0, 2.5, 3.0

A-9 Fused Silica-I GD/P 2.0, 2.5, 3.0
(coated with silicon)

A-I0 Fused Sillca-It GD/P 2.0, 2.5, 3.0
(coated ".th Teflon)

A-1i Fused Silica-IIL GD/P 2.0, 2.5, 3.0
(uncoated)

A-12 Fused Silica Brunswick 2.0

Sandwich Ceramics

B-1 0.040" Alumina Narmco 1.5
Sandwich

B-2 0.020" Alumina Brunswick 1.5, 2.0, 2.5, 3.0
Sandw i ch

B-3 0.040" Alum!na Brunswick 1.5
Sandwich

Plastic Laminates

C-1 I Polybenziuida- Narmico 1.5, 2.0, 2.5, 3.0
zole (Lmidite)

C-2 8 8265 Epoxy Furane 1.5, 2.0, 2.5, 3.0
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TABUL VI (CONTD)

C - atr[i 1 - Supp I ter Test Mach No.

Plastic Laminate:;

-3 828 Epoxy Shell 1.5, 2.0, 2.5

c-4 No samples submitted

C-5 Polyirmide/BMEC Boeing/ 1.5, 2.0, 2.5
1937 Sealer Airplane

c-6 Polyimide Brunswick 1.5, 2.0, 2.5
(Skygard 700)

C-7 Nomex Epoxy Boeing/ 1.5, 2.0, 2.5
"Atronpace

C-8 DC2[L06 Silicone NAVAIRDEVCEN 1.5

Inorganic Laminates

D-1 Alumina/Filanient Lockheed 1.5, 2.0, 2.5, 3.0
Wound S glass

D-2 Aluminum Phos- Brunswick 1.5, 2.0, 2.5
phate/S glass

Ceramic Coated
Plastic Laminates

E-1 0.020" Precast Br,,nswick 1.5, 2.0, 2.5, 3.0
Alumina/Aluminum B

Phosphate

E-2 0.020" Plasma Brunswick 1.5, 2.0, 2.5, 3.0
Sprayed Alumina/
Aluminum Phosphate

E-3 0.6i" Plasma Brunswick 1.5, 2.0, 2.5, 3.0
Spraye Alumina/
Alumiuuon Phosphate

E-4 0.020" Plasma Lockheed 2.0, 2.5, 3.0
Sprayed Alumina/
Alum! na-Silica-
S glass

E-5 0.020" Flame Sprayed Narmco 1.5, 2.0, 2.5, 3.0
Alumina/PBI
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ITABLE VI (CONTD)

Class_____ Material Supp:ier . Test icl, No.

Ceramic Coated
last.t 1 ,,amlnot,':

E-6 0.040" Flame Sprayed Narmco 1. 5, 2.0, 2.,, 1.U
Alumina/PBI

E-7 No samples submitted

E-8 0.125" Alumina/ Boeinig/ 1.3, 2.0, 2.5, 3.0
0.030' RTV521/ Airplank,
Polyimide

E-9 0.030" Roklde "A" Goodyear 1.5, 2.0, 2.5, 3.0
Alumina / Po Ly imide

E-10 0.030" Rokide "A" Goodyear 1.5, 2.0, 2.5, 3.0
Alumina with
Cr 2 0 3 /PP61ylimide

E-11 Plasma Sprayed Lockheed 1.5
Alumina/Silica/

i,ýuartz glass

E-12 Flame Sprayed Brunswick 2.0
Alumina/Polyimide

E-13 No samples submitted

E-14 0.030" Rokide Alumina/ 0L 1.5, 2.0, 2.5
828 Epoxy

E-15 0.040" Precast Brunswick 2.5
4,lumina/Aluminum
Phosphate

E-16 0.030" Plasma Brunswick 1.5, 2.0
Sprayed A! umina
(H3PO4 treated)/

828 Epoxy

Elastomerlc Ctated

Plastic Laminates

F-I 0.010" GACO/828 Cates Engi- 1.5, 2.0, 2.5

Epoxy neering/
NAVAIRDEVCEN
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TABLE VI (CONTD)

Class Mat e7ri" Supplier rei.t Mach No.

Plastic Lamini:tes

- LU.UZU wlGACUOL/5 VaLes rLllg- 1.J, 2.%, L.5

Epoxy ncering/
NAVAIRDEVCEN

F-3 0.010" Neoprene on B. F. Got-drich/ 1.5, 2.0, 2.5
Da, crou/823 Epoxy NAVAIRDEVCEN

F-4 0.020" Neoprene on B. F. Goodrich/ 1.9, 2.0, 2.5
Dacron/828 Epoxy NAVAIRDEVCEN

F-5 0.030" Neoprene on B. F. Goodrlch/ 1.5, 2.0, 2.5
Dacroii/828 Epoxi NAVAIRDEVCEN

F-6 0.014" Polyurethane I. F. Goodrlch/ 1.5, 2.0, 2.5
on Dacron/828 NAVAIRDEVCEN
Epoxy

F-7 0.026" Polyurethane B. F. Goodrich/ 1.5, 2.0, 2.5
on Dacron/828 NAVAIRDEVCEN
Epoxy

1-8 0.038" Polyurethane B. F. Goodtich/ 1.5, 2.0, 2.3
on Dacron/828 NAVAIRDEVCEN
Epoxy

F-10 0.020" Hycar on B. F. Goodrich/ 1.5, 2.0, 2.5
Dacron/828 Epoxy NAVAIRDEVCEN

F-il 0.030" Hycar on B. F. Goodrich/ 1.5, 2.0, 2.5
Dacron/828 Epoxy NAVAIRDEViEN J

Glasses

G-i 0313 Chemcor CGW 2.0, 2.5, 3.0

G-2 9753 I/R Glass C(W 2.0, 2.5, 3.0

G-3 C106 CER- VIT Owen-lliiuois 1.5, 2.0, 2.5

G-4 0315 Chemcor CGW 2.0, 2.5, 3.0

G-5 0312 Chemcor CGW 1.5
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'ABLE VI (CONCLUDEDJ

Class Material TSupplier Te.;t Mach No.

Sandwich Plastics

-1826 Furanv Epoxy GD/FW 1.', 2.0, 2.5
Sandwich

H-2 PolyimLde Sandw~ich Boeing/ 1.5, 2.0, 2.5, 3.0
Airplane

H-3 Titarittm/Pol t- Boeing/ 1.5, 2.0, 2.5, 3.0
mlde Sandwich Airplane

H-4 0.035" Teflon/Nomex Boeing/ 1.5, 2.0, 2.5
Epoxy Aerospace

H-5 c:ork/Epoxy Boeing/ 1.5, 2.0, 2.5
Aer. spacC

[1-6 Nickel Plate/Epoxy AFML 1.5, 2.0, 2.5

Thermal Plastics

[-1 PPO GE 1.5, 2.0, 2.5

T-2 Plexigla6 AFML 1.5, 2.0, 2.5, 3.0

1-3 TFE Teflon AFML 1.5, 2.0, 2.5

Metals

J-I 2024-T3 Aluminum NAVAIRDEVCEN 1.5, 2.0, 2.5, 3.0

J-2 6061--Tb Alumintim NAVAIRVEVCEN 1.5, 2.0, 2.5, 3.0

.1-3 Annealed Copper NAVAIRDEVCEN 1.5, 2.0, 2.5, 3.0

150
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MAT.RI.kLS

Modulu1 of
Flasticity

psiPorosity-% Density-gm/cr Hardness Sonic Resonance

Material ASTM 373-56 ASTM 373-56 Knoop Methbj

A. Isotropic Ceramics

A-I 9606 Pyrocerair-CCW .00 2.6 500 gm load 17.2 x 10
619

A-2 9611 Pyroceram-CGW (JO 2.93 100 gm load 1/.0 x 106

644

A-3 Aluinina-Alsimag No. 753 0 3.85 Rockuell 45N
80

A-4 Alumina-Wearox-Wesgo

A-5 Alumina-Wesgo AL-300 0 3.76 MOB scale
9

A-6 Beryllia-Alsimag No. 754 0 2.88 Rockwell 45N
65

A-7 Cordierite-Alsimag No. 701 .02-1.0 2.3 MOH Scale
8

A-8 Fused Silica-No. 7941 CGW 2.5-12.0 1.9-2.1 Rockwell 15N 8.4 x 106

84

A-9 Fused Silica-GD/P I (coated) 12.0 2.0 500 gm load 3.5 x 1C
190

A-10 Fused Silica-GD/P I1 (coated) 12.0 2.0 500 &m load 3.5 x 106

190

A-lI Fused Silica-CD/P III 12.0 2.0 500 gm load 3.5 x 106
190

A-12 Fused Silica-Brunswick

l .



TABLL VII

,1 LS PROPERTIES SUMMARY

Dielectric Loss
Flexursl Strength- Tensile Poisson's Constant Tangent

Shear M.,dulus psi Cyl. Spec. Strength Ratio (8.6-10.0 ](8.6-10.0
psi Shear 4PE. Loading psi Compressive Sonic KMC) YMC)

F gnnic Resottance StrenRth 100,000 Supplier Strength Resonance ATC Rept. ATC Rept.
Method nsi psl/min Method [ pi Method ARTC 4 j ARTC 4

6.9 x 106 35. x 103 26. x 103 340 x 103 .245 5>.5 .0003

7.0 x 106 14. x 10 10. x 10 125 x 10 3  .22 6.9 .0004

5U. x 1U3 28. x 103 375 x 103 9.6 .0019

46. x 103 250 x 103 9.9 .0015

35 x 10 3  1I. x 103 185 x 10 3  6.1 .0001

15 x 10- 6. x 103 50 : 103 5.5 .005

3.6 x106 6,300 4.7 x 103 so x 103 .15 3.3 .O01b

4,000 .17 3.2 .0002

4,000 .17 3.2 .0002

4,000 .17 3,2 .0002

1U 11
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"TABLE VII (COi

Modulus of
Elasticity Shear Mod'

psi psi
Porosity-Z Density-gm/cc Hardness Sonic Resonance Sonic ResoaMaterial ASTM 373-56 ASTM 373-56 Knoop Method Method

B. Sandwich Ceramics
B-] "A" Sandwich Alumina I0 15 4.0? 970

0.040" Alumina Skins/Alumina 20 - 25 1.0 500 gm Joad
Foam Core Narmco

B-2 "A" Sandwich Alumina <7 3.66 Rockwell 43.3 x 10 6
0.020" PC Alumina Skins/Alumina "A"89
Foam Core Brunowick

B-3 "A" Sandwich Alumina
0.040" PS Aluminh Sklns/Alumnaa
Foam Core Brunswick

G. Glas ses

G-1 Chemcor- CGW No. 0313 0 2.45 100 gm load 10,6 x 106 4.4 x il
540(est)

G-2 I/R Glass No. 9753, CGW 0.00 2.798 601 5.6 x V(

C-3 C106 CER-VIT 0 2.51 200 gn load 13.3 x 106 5.3 x V
Owens Illinois, Boeing 600

G-4 No. 0315 Chemcor-CGW 0.00 2.458 100 gm load 10.3 x 106 4.3 x II
590

G-5 No. 0312 Chemcor-CGW

D. Inorstanic Materials

D-1 FW Alumina-Silica S G"ass 1.71
Lockheed

D-2 Alumina Phosphate- 15 FTM Std 406 Barcol 2.82 x i06
S Glass Laminate 1.8 60
Brunswick
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Die-lectric Loss
Flexural Strength- Tensile Poisson's Constant Tangent

'er Modulus psi Cyl. Spec. Strength Ratio (8.6-1.0 (8.6-10.0. psi Shear 4Pt. Loading ] psi Compressive Sonic KMC) [ KMC)Ie Resonance Strength 1C ,000 Supplier Strength Resonance ATC Rept. ATC Rept.

tie-thud psi palmin j Method psi Method AITC 4 ARTC 4

8.6 Skin
220 500-In00 Z.43 .UUi2- Core

Composite 20 x 103 30 x 104 8.8 .0007 Skin
34.5 x 103 2.5 .0011 Core

x 10 40 x 10 .22

5.6 x 106 .28 8.59 .01

15.3 x 106 1.8 x 104 .25 5.4 at !MC .026 at IMC

.3 x 106 85,000 .21

M 1042 16 x 10 28 x 10 6 x 1U 3.44 .008

400

21
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T.UL, vI 1 (.1

Modulus of
Elauticity Shear

psi.P
Poros•Lty-z Density-gm/cc Hardness Sonic Resonance Snnic

Material ASTM 373-56 ASTM 373-56 Knoop Method M I
E. Cerataic Coated Laminates

E-1 Precast Alumina (0.020") <5 3.75 Rockwell 'A' 43.9 x 10
on Al P04 - Brunswick 8B,

' I'aswaa- 3piay Aiumina* FTM Srd 406 Kockw-ll 'C' 40 x '0
(0.020") onAl PO4 3.5 70
Brunswick

E-3 Plasma-Spray Alumina 8 FTM Std 406 Barcol 40 x 10 b
(0.040") on Al PO4 3.5 60Brunswick

E-4 0.020" PS Nlumina/Alumina- 3.3Silica S Glass Laminate-FW

Lockheed

E-5 0.020" PS Alumina/PBl 12 3.3 1450 32 x 106 N
Laminate- Na wco 15 1.65 70 4.75 x 10 2.0

E-6 0.040" PS Alumina/PB1 12 3.3 1450 32 x 106 N
Laminate- Narmco 15 1.65 70 4.75 x 1OO 2,0

£-7 Vapor Deposited Alumina/
PBI Laminate GTC

E-8 0.125" Alumina/0.030" RT V521/
0.100" Polyimide laminate 500 gm load 6
Boeing Seattle .6 3.48 1000 25.7 x 10

E-9 0.030" P3 Rokide "A" 7 3.3 2000 gm load 6
F1. Laminate-Goodyear FTM Std 406 Barcol 48 2.73 x 10
Aerospace 11755

E-10 PS Rokide "A" Alumina/ 2 4.6/1.755 2000 gm oa 3.12 x It'6
P1 Laminate-Al 0 con-

2 3
t'ains CR2 03 - Goodyear Aerospace

*Properties for costing- See D-2 for lamiaace

•-- =: •153
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I

Flexural Strength- Tensile Poisaoo's Constant Tangent
wiar '-odulus nsi Cyl. Spec. Strength Ratio (8.6-10.0 (8.6-10.0

p.t Shear 4Pt. Loading pat Compressive Sonic KMC) KMC)
ije Rusouiance Strength i00,000 Supplier Strength Resonance ATC Rept. ATC Rept.

Method psi psi/• n Method si Method ARTc 4 ARTC 4

23.3 x 103 8.8 .0007

35 X 10 3 25 X 10 3 9°0 .003

35 x 103 25 x 103 9.0 .003

N/A 5 10 3 2 x 103 4 x 1O4 7.0 .001 Ceramic

1.0 X 60 6 x 103 01 x 104 87 x 103 7 x 10 4  4.2-4.8 .007 Plastic

N/A 6 5x 104 2x x 1o0 4 x 104 7.0 .001 Ceric
7.0 1 10 6 x 10 11 X 4  87 x 20 7 X i0 4.2-4.8 .007 Plastic

.26

10.2 x 10
6

N/A FTMS 406 FTMS 406 FTMS 406 37,000
1059 59,300 15,600 -37,600

N/A 1380 65,800 33,650 87,000-A
103,000-C/
47,500



AFML-TR-67-164

1AOLM, VII

Modulus of
LlastIcity

p3al Shear

Porosity-% Density-gm/cc Hardness Sonic Resonance Sonic R

Material ASTM 3 3-56 ASTM 373-56 Knoop Method Mea

E-11 Sprayed Alumina/Silica
quartz glass - Lockheed

E-12 Plasma Sprayed Alumina/
PI Laminate - Brunswick

E-13 0.020" PS Alumina/FW Silica
Quartz glass Laminate -
Lockheed

B-14 PS Rokide "A" Alumina/ 6

828 Epoxy Laminate NOL 13.3 3.37 1950 15.8 x 10 7.

E-15 0.040" Precaat Alumina/
Al PO Laminate -
Bruns~ick 3.75

E-16 0.030" Plasma Sprayed
Alumina (H F0 4treatment)/
E:o7 828 L~minate 3.5 520
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TA3LE VII (CONTD)

I {Dielectric Loss

Flexural Strength- Tensile PDielon' e Constant Tangent
pei Cyl. Spec. Strength Ratio (8.6-10.0 (8.6-10.0

Modulus Shear 4Pt. Loading P,( r.fpresFlive Sonic KMC) KMC)
So~Vc RMsonaneu Strength 100,000 Supplier Strength Resonance ATC Rept. ATC Rept.

Method psi psi/min MeLhod psi Method ARTC 4 ARTC 4

7 . 3 x 106 .08

-. 2-I



i lardneas
Shore "A" Tear % Elong4

Specific Durometer :Ibs/in. at bra
!L Material Gravity ASTM-D-676 Thickless A-'TM- D-

F. Ea_ _ mertc Coated Laminates

F-] 0,010" Gaco/Epon 828 1.77Epoxy Laminai-e Navairdevcen

F-2 0.020" GaLo/828 Epoxy 1.77
Laý4nate- Navairdevcen

F-3 0.010" Neoprene/DacrOn/828 1.30 56 137 570
Epoxy Laminate-Goodrich

F-4 0.020" Neoprene/Dacron/828 1.30 56 137 570
Epoxy Laminate-Gcodrich

F-5 0.030" Neoprene/Dacron/828 1.30 56 137 570
Epoxy Laminate-Goodrich

F-b 0.014" Polyurethane/828 1.22 78 335 640
Epoxy Laminate-Goodrich

F-7 0.026" Polyurethane/828 1.22 78 335 640
Epoxy Laminate-Goodric.h

F-8 0.038" Polyurethane/828 1.22 78 335 640
Epoxy Laminate-Goodrich

F-9 0.010" Hycar/828 Epoxy 1.368 94 775 430
Laminate

F-10 0.020" Hycar/828 Epoxy 1.368 94 775 430
Laminate

F-i1 0.030" Hycar/828 Epoxy 1.368 94 775 430
Laminate

I ____________________ _____________________ ________________



TfABLE VII (CONTD)

Dielectric Losa

ConsLant Tangent
I Modulu3 Modulus Tensile (8.6-10.0 (8.6-10.0

% Elongatiou at 100% at 300% Strength K1yc) KMC)

in. at break Elongation- Elongation- psi ATC Rept. ATC RepL.

Ikness ASTM'-D-412 psi-ASTM-D-412 psi-ASTM-D-412 ASTM-D--412 ARTrC 4 APTC 4

L37 570 220 900 3090 3.1 .029

037 370 220 900 3090 3.1 .029

L37 570 220 900 3090 3.1 .029

5 640 560 i380 3450 5.5 .05

335 640 5f0 1380 3450 5.5 ,05

640 550 1380 3450 5.5 .05

15 430 1350 3240 4030 5.0 .05

5 430 1350 3240 4030 5.0 .05

5 430 1350 3240 4030 5.0 .05

1 L
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Hwdulus of Sh
Porosity-% Density-Gm/cc Elasticity-pat Stren
!TM Std F't1 Std Slope of Tau dt Shear 7Th
No. 406 No. 406 Hardness Low End of Stress Mi.dulus No.

Material MTh 5021 MTD 5011 Barcol Strdin [urve psi

C. Plastic Laminates j
C-I PBI (1midite) LaminateI 15 1.65 70 6 6

-Naraco 4.75 x 10 2.0 x 10 6 3

C-2 Furane Epoxy Laminate-No. V65 0 1.77 60 (min.) 3.2 x 106

GDI/FW

C-3 Epon 828 Epoxy 0 1.6
Laminate-Navairdevcen (All Epon
828 is good for

450 F/500 hrs)

C-4 Epon 828 Epoxy 50%
Alumina Loaded-Navairdevcen

C-5 Polyimide Laziate BMEC 7.9 (1) 1.51 50 (2) 2,7 x 106 15(
1937 Sealer-Boeing (Sp. GY,)

C-6 Polvimide Laminate-
Skyguard 700-drunswick 1.7 55 2.7 x 10

C--7 Nomex Epoxy Laminate 6
Boeing Seatle 0 1.38 45-50 4-6 x 10

C-8 DC2106 Laminatq Navairdevcen
Silicone

156
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I
LE VII (CONTD)

Dielectric Loss
Shear Fiexural Tensile Copwressivte co"Laik Tanigent

*;trength-psi Strength-psi StrengLh-pai Strength-psi Pularon's (8.6-10.0 (8.6-10.0
FTM Std FTM Std M Std FTh Std Ratio IUC) KMQC)

114No. 406 No. 406 Ho. 406 No. 406 Supplier ATC Rept. ATC Rept.vIL HD-1040 MTD 1031 WDI 1011 14TD 1021 'lethod ARTC 4 |AYTC 4

x 106 6 x 103 11 x i04 87 x 103 7.0 x 103 4.2-4.8 .00Y Laminate only

70 50 x 10 45 x 103  4.86* 019* *at 3500

1500 45 x 103 35 x 103 28 x 103 4.1 .009

60 x 103 40 x 103 40 x 103 4.2 .015

15-25 x 103

[,,~
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TAHLE VII (CONC

Modulus of
Elasticity-psi

Porosity-% Density-gm/cc Slopes of Tan
FTH Std FTh Std at Low End of Shear
No. 406 N6. 406 Hlardness Stress Strain Modulus

MT• j 5021 HTD 5021 Ba -rco l Curve psi

H. Sandwich Plastics

11- 1 0 .0 ]0 " G aco /O .0 40" Fu r an e •0 (m in )6

Epoxy tlC-GD/FW 0 1 .77 603.2 x 106

H-2 Polyimido HC - Boeing 7.9 1.51 50 2.7 x 106

H-3 0.010" Titaniuin/Polyimide HC/ 6
0.010" Ticanium - Boeing 0 4.43 16x 106 6.2 x 10

H-4 0.035" Taflon/Nomex Epoxy Laminate 2.25 Shoke 9.5 104.1
55-56

H-5 0.035" Armstrong Cork AC-2755 Over
Nomex Epoxy Laminate-Boeing Seattle 50 .48 7 x 103

11-6 0.010" Electroplated nickel/Epon
828 Laminate-AFML 8.90 Vickers

163-332

I. Thermal Plastics

1-1 PP(-GE (polyphenylene oxide) 0 1.06 Roc~kwell. 37 x 10 4 10
R-120

1-2 Plexiglas (Type 11- UVA)-AFML 0 1.19 45-49 4.36 x 10~ 5

1-3 Teflon - DuPont 0 2.25 Shore 9.5 X 104 25
55-56

J. Mettls

J-1 2024-T3 ALuminum 2.77 Brinell
1.20

3-2 6061 T6 Aluminum 2.70 95

J-3 Copper-Annealed 8.96

157
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LIVII (CONCLUDED)

Dielectýric Lo~s
Shear Flexural Tensile Compressive Constant Tangent

:zirength-psi Strength-psi Strength-psi Strength-psi Poisson's (8.6-10.0 (8.6-10.0
Shear FTH Std FT!.4 Std FTM Std FTh! Std Ratio KMC) KMC)

Modulus No. W06 No. 406 No. 406. No. 406 Supplier ATC Rept. ATC Rept.
psi _MTD 1040 MM1311TD 1011 KID 1021 Method ARTC 4 ARTC 4

33 3

70 x10 ~ 50 l x1 45 x 10~ 4.86* .019* *at 35OF

1.5 x 10 3 45 x 10 3 35 x 10o3  z 8x 10 3 4.1* .009* *at 75 0F-937mc

6.2 x10 6 78 x10 3 134 x 10 3 13,2x 10 0.30

253x 2x3200/4000 1.7 x 10~ 2.3 .0001,
.0005

300/400 .150 1.8 .05
300

73-133 x 10O3  Elong. 4-20%

109 O 1 17. x 10 10.5 x 10 11 x 10 0.33 2.58 0.01

860017. x 0 1.8 x10 8 x1. .33 2.2-3.2 0.02-0.03

2500/3000 2 x 10 33200/4000 1.7 x 10 2.1 .0002 Depends on Freq.
3500/4500 .0005

Yield
Strength Elong.

64,000 42,000 15%

42,000 35,000 10%

_______ _________ ________ 32,000 40%___

57
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"RE FERENCES

1. NAVAIRDEVCEN drawings:

A-40-00281 Drawing List

J-40-00119 Wedge Assembly

A-40-00283 Test Sample

J-40-00109 Wedge Plates

D-40-0011 Wedge Base

C-40-00112 V Bar

D-40-00113 Cover and Bottom Plate

C-40-00115 Remet Cover Strip

A-EH-00539 Rimet Sp*ýer
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II ABSTRACT

A comprehensive investigation of sixty-.five dielectric and other materials for short
exposure time rain eros!nn resistance at velocities of Mach 1.5, 2.0, 2.5 and 3.0 has
recently been accomplished in a joint prograir of the Elastomers and Coatings Branch,
Ncrnetallic Materials Division, Air Force Materials Laboratory and the Radome-Antenna
8ection, Naval Air Development Center. This wturk was accomplitshed at the Holloman AFB
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Multiple samples of each material were mounted in a wedge shaped hI.der attached to
th2 forward end of a multi-staged rocket sled and exposed to the same rain environment by
iring the sled through a 6,000 feet long artificial rainfield. The samples were exposed at

five different impact angles and four different velocities and the quantitative rain erosion
resistance determined as a function of velocity, time of exposure and impact angle. Al-
though the exposure times were short the materials demonstrated real differences in their
rain erosion resistance.

Materials evaluated included isotropic and sandwich ceramics, plastic laminates, nMckel
electroplated plastics, inorganic laminates, ceramic and elastomeric coated lamiuates.
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glasses, thcrrmoplastics. sandwich plastics and metals. The results of these ,,upersonic
exposures ar'9 surmmarized and listed according to materials category.

Quantitative data in the form of weight loss per unit area and mean depth of pmnetration
rate (MDPR) are presented. Equations describing the high velocityýshort expo,:ure time
erosion rates of plastic laminates and fused silica ceramics have been developed. Data for
most other materials have been plotted but not fitted to equations. Photographs of all rain-
exposed specimens and descriptions of the 65 materials evaluated are Include~d.

Distribution of this Abstract is lulimitcd.
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